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Abstract 
Magnetohydrodynamic power generation is based on the fundamental 
(Faraday's) law of electrodynamic induction extended to electrically conducting 
fluids. The basic principle of magnetohydrodynamic converters is that an 
electromotive force is induced in a conductor moving across a magnetic field [1-3]. 
MHD power generation can be broadly classified as plasma and liquid metal based 
MHD power generators. 
In plasma based MHD power generators, the basic idea is to add easily 
ionisable atoms to the combustion products of the fossil fuels and convert the gas into 
plasma. The plasma is allowed to flow across a magnetic field so that we can extract 
electrical power at higher temperature. A number of plasma based plants have been 
buih all over the world. Even though, most of the problems have been identified and 
solutions found the major obstacles are the non-availability of super conducting 
magnets and the lack of long duration high temperature materials, \ ^ c h come into 
contact with plasma. 
Liquid metal based MHD systems are suitable for low temperature and low 
heat sources and are capable of working in the temperature range 500 K-llOO K [4-5]. 
In addition to the nuclear fusion and breeder reactors, they can be coupled to low 
grade heat sources like industrial/nuclear waste heat, solar, geothermal etc. for the 
power generation. Prof Branover and his group at Center for MHD studies, Ben 
Gurion University, Israel and Patrick and others from Argonne National Laboratory 
(ANL) in U.S.A. are pioneer in Liquid metal MHD power generators. 
Liquid Metal Magnetohydrodynamic Power Converters (LMMHD PC) have 
superior thermodynamic cycle efficiencies than other competing energy conversion 
systems for the same source temperature. Conventional power conversion systems 
have low efficiency of conversion for low temperature and low heat source. Since the 
thermodynamic cycle of LMMHD system consists of isothermal expansion of vapour. 
tiiey have better conversion efficiencies. 
The basic LMMHD power generating systems can be broadly classified into 
gravitational and inertial type LMMHD power conversion system. In the gravitational 
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system, earth's gravitational force is invoked into the system and is used for 
converting the mechanical work done by the thermodynamic fluid into gravitational 
potential energy of the liquid metal as an intermediate step and is subsequently 
converted into electrical energy. For these systems, high-density liquid metals like 
mercury, lead, lead-bismuth alloy etc. are used. On the other hand, in the inertial 
systems, thermal energy is directly converted to electrical energy. System requires 
two-phase MHD generators and thus design of the system is based on the complex 
two-phase MHD flow equations, which are yet not fiilly understood. Also because of 
non-uniform electrical conductivity and variation of void fraction along the charmel, 
MHD generator construction becomes complex. However, these systems can be 
naturally integrated with Fast Breeder Reactors (FBR) and the proposed Fusion 
Reactors where already light density liquid metals like sodium (FBR) and lithium 
(fusion reactor) are used for thermal energy extraction. 
Each scheme has its own advantages. For example in the former scheme, 
MHD generator is of single phase (liquid metal alone) and has many attractions like 
simple chaimel construction, uniform electrical conductivity in the MHD generator 
etc. 
The basic gravity type LMMHD PC system consists of two fluid i.e. liquid 
metals playing the role of an electrodynamic fluid and some suitable vapour/gas as 
thermodynamic fluid. Depending upon the temperature of the heat source, various 
combinations of these fluids are chosen. These systems are based on two vertical 
pipes i.e. riser and down comer. Both the riser and down comer is connected at the 
bottom by L-bend pipes in which heat exchangers are situated and at die top by a 
liquid-gas separator. Another connection from the separator leads to a condenser, 
which is connected the mixer through the pump. The Mixer is situated at the bottom of 
the riser and the MHD generator is connected at a suitable location in the down comer. 
Heat energy is added either to the thermod\iiamic fluid or liquid metal or both 
of them depending upon the heat source and type of scheme adopted for a particular 
plant. Thermodynamic fluid either in liquid or vapour phases at appropriate pressure is 
introduced through the mixer. The liquid is converted into vapour (in case liquid is 
introduced) after coming into contact with the hot liquid metal. The vapour expands 
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nearly isothermally in the riser, providing the driving force to liquid metal. Two-phase 
flow is created in the riser due to density difference between riser and down comer, 
thus circulating the liquid metal in the loop naturally. The expanded vapwur in the 
separator is separated by the gravitational force and condensed in the condenser and 
then pumped back into mixer or the vapour enters in the mixer of second LMMHD 
loop operating at lower pressure. Liquid metal alone flows through the downcomer 
and the MHD generator, hi the MHD generator, part of the mechanical energy is 
converted into electrical energy and liquid metal experiences additional pressure drop 
because of the MHD force. From the MHD generator, it flows directly or through a 
heat exchanger wliere suitable heat energy is added thus completing the loop. The 
electrical power generated by the LMMHD is DC and generally of high cunent and 
low voltage. This is because of the low velocity and high electrical conductivity of 
liquid metals. Hence, the power generated in the MHD generator can be used directly 
where DC is required (e.g. Hydrogen generation etc.) or converted to AC using 
appropriate inverters. 
The main advantage of gravity type LMMHD PC systems are that these 
systems are simple in design, modular and can be added on. The height of the single 
riser and down comer can be divided into several stages and thermodynamic fluid can 
pass through multiple loops. This increases output voltage (connected in series). 
Further optimisation can be achieved by introducing heat exchanger between any loop 
and using different thermodynamic fluid. 
In actual LMMHD PC systems, many mechanisms like improper coupling of 
two-phase flow, carry under phenomenon in the downcomer, losses due to re-
circulating currents at the entrance and exit region of the MHD generator, ohmic 
losses due to joule heating, boundary layer shunt losses, reduction in the power due to 
induced currents etc. reduce the efficiency of conversion considerably. Detailed 
analysis of these phenomena has to be carried out to accurately design or scale up 
LMMHD power generation systems. 
In this thesis, work related to gravity type LMMHD power conversion has 
been carried out. The most important phenomenon to study is the two-phase flow in 
the riser. Accurate designing of LMMHD requires understanding the two-phase flows 
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in the riser. Due to large variation of the void fraction in the riser, the flow undergoes 
bubbly, chum and slug flow. In this thesis, details of two fluid model developed are 
presented. In addition, experiments have been carried out in the nitrogen-mercury 
LMMHD facility at BARC to verify the model developed. Measured void fraction and 
pressure values are compared with predicted values. Based on this model, a unique 
liquid metal MHD PC of gravity type in the range of 200-250 kWe is designed. Details 
of the two-fluid model developed, experimental data and design details of LMMHD 
PC designed have been presented in this thesis. 
A detailed literature survey of two-phase flow which includes the basic aspects 
of two-phase flow, various models like slip, mixture, two-fluid etc. and their 
advantages, different problem areas in the modelling of two-phase like interfacial 
transfer terms, interfacial area etc., various flow regimes, maps and transition criteria 
have been presented [6-18]. 
Two-phase flows can be broadly classifles as vertical and horizontal flow. 
Among the vertical flows, we have co-current upward like in the riser of LMMHD 
system, co-cunent downward, counter current flow with the liquid flow downward 
and gas flow upward. The other possibility of liquid flow upward and gas flow down 
ward is not possible. In this thesis, analysis and review is carried out for co-current 
upward flow. 
Besides the different averaging methods [6-7] for developing a two-phase flow 
model, there are two fiindamentally different formulations of the macroscopic balance 
equations for two phase flow systems. These are the mixture model and two-fluid 
model. The mixture model is formulated by considering the motion of a two-phase 
mixture as a whole in terms of mixture momentum equation. The relative motion 
between phases is taken into account by a closure equation for relative velocity. The 
most important assumption associated with the mixture model is that a strong coupling 
exists between the motions of two-phases. Depending on the form of the closure 
equation for the relative velocity and on the treatment of the thermal non-equilibrium 
between phases, a number of different mixture models have been propose i.e. 
homogeneous flow model, slip flow model and drift-flux models. Depending upon the 
geometry, flow rates, fluids used, there are many empirical relations available in the 
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literature. Most of them are confined to steam-water or air-water flows. A very little 
work has been carried out for the case of liquid metal flows. The main disadvantages 
of all these models are, the equations do not take into consideration explicitly the 
various flow regimes. They also do not account for different initial conditions (bubble 
size etc.). 
Two-fluid models are formulated by considering each phase separately in 
terms of two sets of conservation equations governing the balance of mass, momentum 
and energy of each phase. Since the macroscopic field is not independent of the other 
phases, the interaction terms, which couples the transport of mass, momentum and 
energy of each phase across the interface, appear in the field equation. For liquid metal 
two-phase flows, Mond and Sukoriansky (1984), Eckert et al. (1993) have studied the 
flow by two-fluid model with multibubble assumption [11-12]. 
Using temporal or statistical averaging, Ishii et al. obtains general three-
dimensional two-fluid model [10]. Hence based on this model a quasi one-dimensional 
steady state two-fluid model is developed. 
Previous studies have indicated that unless phase momentiun interaction terms 
are accurately modelled, the advantage of the two-fluid model over the mixture model 
disappears and numerical instabilities arise [8-9]. The two-fluid model can easily 
analyse the non-equilibrium effects by using two sets of balanced equations. This 
model is even more useful in studying the mechanical non-equilibrium effects, e.g., 
sudden mixing of two phases, transient flooding and flow reversal and rapid transient 
flow. Thermal non-equilibrium between phases can be analysed accurately by the 
inclusion of two-energy equations. Another main advantage of two-fluid model is, it 
can take the flow structure explicitly. In the riser of the LMMHD systems, the flow 
consists of bubbly, chum and slug as the void fi-action varies from 0.1 to 0.8. At higher 
velocities, annular flow occurs. In view of relatively low velocity, this flow does not 
occur in LMMHD system. Near the mixer, the flow is typically bubbly until the void 
fraction increases to around 0.25 to 0.3, where bubble coalesces. In the bubbly flow, 
the vapour or gas phase is distributed as discrete bubbles in a continuous liquid flow. 
The bubbles may be small and spherical at one extreme and relatively large non-
spherical shape at the other extreme. 
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Depending upon the distance from the mixer and flow rate, the flow either 
become slug or chum. In the slug flow, the size of the vapour or gas bubbles is 
approximately the diameter of the pipe and is called Taylor bubble. When the distance 
from the mixer is less than certain length called 'entrance length', the flow does not 
stabilises as slug instead becomes clium flow. 
The interfacial transfer terms are one of the important aspects of two-fluid 
formulation modelling. However, there exist considerable difficulties in this area both 
in terms of experiments and modelling. These terms in two-fluid models specify the 
rate of phase change; momentum transfer and heat transfer at the corresponding 
interfaces between phases. The interfacial fransfer terms are strongly related to the 
interfacial area and to the local transfer mechanisms, such as degree of turbulence near 
the interfaces [13]. The interfacial transport terms are proportional to the interfacial 
area concentration and to the driving force. 
The interfacial area concentration is deflned as the interfacial area per unit 
volume of the mixture and characterises the first order geometrical effect [17]. Thus, it 
must be related to the structure of the two-phase flow field. Since the interfacial area 
concentration is a parameter, which characterises the structure of a flow, its modelling 
should be based on the geometrical factor, void fraction and flow. The approach 
applied by Ishii and Mishima (1984) tells that the interfacial area concentration is 
related to the geometry of the flow such as the bubble sizes, bubble number density, 
bubble shape factor, roughness of the interfaces and hydraulic diameter, as well as 
hydrodynamic parameters such as the amount of droplet entraiiunent and void fraction 
[10]. 
When the flow transition takes place from bubble to slug or chum, the 
interfacial area is modified due to (1) coalescing of the bubble and (2) distortion of 
spherical bubble. Coalescing decreases the area whereas distortion increases. 
However, in general there is a net decrease in the interfacial area per unit volume. 
In this thesis, the model developed by Ishii-Mishima (1984) for interfacial drag 
and virtual mass force has been used [10,15]. Taitel-Bomea-Duckler (1980) criteria for 
flow transition are assumed [16]. 
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In general, the two-phase flows obey extremely complicated three-dimensional 
time dependent conservation equations for mass, momentum and energy for each 
phase and they are not amenable for direct solution. Appropriate assumptions have 
been made to simplify these equations. A quasi one-dimensional steady state two-fluid 
model, which explicitly takes into consideration vapour momentum equation, has been 
used for modelling and the calculation of liquid metal and vapour/gas velocities, 
vapour/gas density, void fraction and pressure distribution in the riser. 
Friedel Correlation is valid for wide range of vertical upward and horizontal 
flows. Since the ratio of liquid to vapour/gas viscosity of typical liquid metal flow is 
less than 1000, Friedel correlation for frictional pressure drop is used [18]. 
Since the typical ratio of liquid metal to vapour flow rates in a LMMHD PC is 
around lO' to 10^ , the liquid metal acts as a huge reservoir and the temperature drop in 
the riser is few degrees Celsius only. In view of this, energy equation is not explicitly 
solved and temperature is assumed constant in the riser. However, the temperature in 
the separator is determined from energy balance and by taking into account heat losses 
in the wall of the pipe. 
The standard drag force acting on the bubble under steady state conditions can 
be given by in terms of the drag coefficients based on the relative velocity. Since the 
flow structure differs drastically for bubble, chum and slug, the appropriate drag area 
also differs [10,13]. 
In two-phase flow system, the void fraction and interfacial area concentration 
are two of the most important geometrical parameters. Since these two parameters 
appear in the balance equation as additional variables to the basic variables, two 
closure relations should be supplied for void fraction and interfacial area 
concentration. 
The virtual mass force for multibubble regime is used. Since the flow is not the 
critical flow, the virtual mass force is found to be two to three orders less than the drag 
force and the flow was insensitive to the virtual mass force. In view of this the same 
relation is used for all regimes [10,13-14]. 
The procedure to arrive at the final working equations from basic quasi one-
dimensional steady state equation is not so simple. First we differentiate the equations 
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with respect to z and then eliminate some terms and after rearranging we can get the 
derivative of vapour and liquid metal velocities. 
Once vapour and liquid metal velocities are obtained by solving the above-
coupled equations numerically, void fraction, vapour density and pressures are 
determined from the liquid continuity, vapour continuity and equation of state. 
Because of the large thermal capacity of the liquid metal and low mass flow 
rate of the vapour, the overall drop in temperature is very small (< 3 °C). Hence, the 
temperature drop is determined at the exit of the riser from energy conservation by 
assuming an isothermal expansion of vapour. 
In order to solve the fluid equations in the riser, initial average bubble size at 
the exit of the mixer distributor is required. No detailed studies have been carried out 
for liquid metal-vapour flows to study bubble size distribution. In view of this, average 
bubble diameters for various vapour flows have been determined by using Kumar et 
al. relations [19]. 
For given geometry and flow rates of liquid and vapour, the initial values like 
pressure, temperature, diameter of the holes of the mixer distributor, slip etc. have to 
be specified at the mixer exit. 
From the vapour flow rates and mixer holes, bubble diameter is calculated. 
From pressure and temperature, vapour density is determined. From the flow rates and 
slip values, initial liquid and vapour/gas velocities are determined using continuity 
equations and the values of all the variables are calculated by marching method. 
The final equations for vapour and liquid metal velocities are solved by 4 
order Runge-Kutta method starting'from mixer exit with appropriate initial conditions 
[20]. A computer code has been developed for solving these equations (along with 
entire loop) in Fortran-90 language. 
In chapter 3, two-fluid model suitable for predicting various parameters in the 
riser of the LMMHD PC has been developed. In order to validate the model, it is 
essential to compare the predicted values of the model with that of the measured one. 
Experiments have been performed at Bhabha Atomic Research Centre in a 
nitrogen-mercury liquid metal magnetohydrodynamic (LMMHD) gravity type facility 
working at ambient temperature. Measured pressure and void fraction values have 
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been compared with predicted values for different nitrogen and mercury flow rates. 
Experiments have been carried out for seven flow rates [21-23]. The corresponding 
mass fluxes are also presented. Tlie nitrogen mass flow rates is determined by 
measuring volumetric flow rate (rotameter) and pressure (which gives the density) at 
the outlet of the rotameter. Mercury flow rate is determined from measuring open 
circuit voltage, applied magnetic fleld and applying appropriate correction for end 
effect [26]. 
The flow was mainly bubble and chum at the measurement location of the void 
fraction. We see that flow is bubbly for flow rates 0.6 g/s to 2.5 g/s and becomes 
chum for 7.0 g/s to 11.0 g/s at both measurement locations. But in the case of 4.7 g/s, 
the flow is bubbly at 1.1 m from the mixer and becomes chum at 2.8 m from the mixer 
exit. For our flow rates, Taitel-Bomea-Duckler classiflcation (1980) does not predict 
slug flow in the entire length of the pipe. 
Co of activity 2775 MBq was used as gamma ray source and 1.33 MeV 
photons were chosen for void fraction measurements. Radioactive source was placed 
in a lead container and a 3 mm diameter collimated beam was obtained. The source 
was shielded in all other directions by choosing ^ proper shielding thickness of the 
container so that the surface does not exceed 0.025 mSv/h. Between the source and 
the flow system, a lead block of thickness 51 mm with a central hole of diameter 4 
nrni was used to obtain a collimated narrow beam. A similar type of the lead block 
was also used between the flow system and the detector to prevent the secondary 
radiation from reaching the detector. Hie detector unit consisting of a Nal(n) 
scintillator, photo multiplier tube and pre-amplifier was connected to a gamma-ray 
spectrometer. The source and detector were mounted on a horizontally movable 
platform so that gamma ray beam could pass through various chord lengths of circular 
cross-sections of the pipe at the given height of the riser pipe. The pulse height 
analyser was so set that only 1.33 MeV energy gamma rays were counted. 
The measurements were taken at different chord lengths corresponding to the 
coimts when the pipe was filled with nitrogen only, mercury only and during two-
phase flow. Nitrogen is introduced into the mixer from the header at 5-6 atm pressure. 
A two-phase is established in the riser and gives rise to a density difference between 
the riser and Ae downcomer. The density difference creates a pressure difference and 
hence the liquid metal is circulated in the loop. Nitrogen is separated and bubbled out 
to the ambient through a water tank. Mercury alone flows through the downcomer. 
Since void fraction varies across the cross-section of the pipe, to determine 
averaged void fraction, void fraction profiles should be determined which is a fiinction 
of radial distance [24-25]. 
Void fraction profiles were measured at the locations 1.1m and 2.8 m from the 
mixer exit. For low nitrogen flow rates and the corresponding mercury flow rates, the 
void exhibited oscillating profile as a function of radial co-ordinates at both locations. 
Also there was a significant asymmetry between the left and the right profiles. Further, 
the flow does not appear to be fully developed in view of low volumetric flow rates. 
However, at flow rates above 4.7 g/s, the void profile exhibited monotonic variation 
with maximum value at the centre. From the profiles of the void fraction, area 
averaged void fraction was calculated. The error range in the void values estimated to 
be aroimd 15% is based on the repeatability, difference in left and right side 
measurements, dynamic fluctuations, error in the liquid metal and gas flow rates. 
The slip values were calculated from the measured void fraction, flow rates of 
gas and liquid metal and pressure. The measured void fraction and slip along with the 
predicted values without and with cross sectional variation effects are summarised. In 
general there is not much difference between the two cases. However, the void fraction 
is less when cross-sectional variations are included (since corresponding slip values 
are larger). The maximum deviation between the experimental and the theoretical 
values is around 10% without cross sectional effect and is around 20% when cross-
sectional effects are included. 
The deviation between experimental slip and predicted value is 20 % without 
cross-sectional effect and 50 % when cross-sectional effects are included. There is a 
deviation of 33 % at 2.5 g/s flow rate between experimental slip and predicted value 
when no cross-sectional effects are included. For the rest of data the maximum 
deviation is 10 % without cross-sectional effects and 33 % when cross-sectional 
effects are included. 
The measured pressure data are compared with the predicted values. The 
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maximum deviation is 22 % without cross sectional effects and is 13% when cross 
sectional effects are included. For rest of the data, the maximum deviation is around 
13 % without cross sectional effects and is around 8 % when the cross sectional effects 
are included. Thus it may be concluded that over all void fractions and slip match well 
with predicted values (within 10% for void fraction and 25% for slip), when no cross-
sectional effects are included [21 ]. 
Based on the two-fluid model developed a unique demonstration LMMHD PC 
coupled to solar and waste heat in the power range of 200-500 kW (electrical) for 
generating hydrogen has been designed [27]. Detailed parametric analysis related to 
geometry, flow rates, electrical power and magnetic fields have been carried out to 
arrive at optimum values. In order to design total LMMHD loop, in addition to mixer 
and riser, modelling of other components specially MHD generator has to be carried 
out. 
In general, depending upon the highest operating pressure, total heat available, 
number of LMMHD power modules connected in series and/or parallel is determined. 
Taking these into considerations a two-loop system operating in series for a 2.5 MW 
thermal power is designed. Loop-1 operating at 31 bar and 350 °C with lead and loop-
2 operating at 15.5 bar and 215 °C with lead-bismuth has been taken up for detailed 
design, with the water/steam collecting all the required thermal power (the 
temperature and pressure are based on the solar tower). The steam flow rate is decided 
by the highest steam temperature and over all thermal power availability. Based on 
tfiis criterion, 0.9 kg/s flow rate is frozen for detailed optimisation. Also, in order to 
reduce the electrical power requirements as well as the effect of interaction parameter 
on the fluid, the maximum magnetic field intensity is restricted to around 1.0 T. 
Since the two loops will be connected in series electrically, the design is carried out 
for same current in both the loops. It is planned to use the electrical power for 
hydrogen generation by electrolysis. This requires voltages in the range of 2.0 to 3.0 
Volts. Accordingly, the MHD generator design has been carried out. A separate 
analysis has been carried out to determine end losses for different aspect ratio, load 
factor and magnetic field with and without vane. 
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The designed system is as follows: Superheated steam of 0.9 kg/s enters loop-
1 mixer at 31 bar and 430 "C (operating at 350 °C). The additional enthalpy in the 
steam provides required heat energy for thermal losses in the loop and electrical power 
generation. Loop-1 generates 102 kW of electrical power. Steam enters loop-2 at 15.5 
bar at 349 °C. Loop-2 operates at 215 °C. In this loop 181 kW of electrical power is 
generated. Steam at 2.5 bar enters regenerator and condenser. Water at 45 bar and 60 
"C from pump enters regenerator (here 0.3 MW heat is given) collects 2.5 MW of heat 
from solar receiver and enter the mixer of loop-1. A total of 2.5 MW heat is supplied 
which generates 283 kW of electrical power after accounting for thermal losses 
(thermal losses through the pipes are estimated to be around 200 kW) [28]. The net 
electrical power after accounting for magnet power, feed water pump and auxiliary 
component is 230 kWe. The net and gross eflficiencies are 9.2 % and 11.2 % 
respectively. The efficiency calculation does not include efficiency from solar 
radiation to thermal conversion. All other details related to sizes of various 
components, flow parameters etc. are presented in the thesis. 
It can be concluded that the two-fluid model developed in the thesis can be 
used not only for understanding the behaviour of the two-phase flows but also for 
designing LMMHD Power Conversion System in kW to MW range. 
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Abstract 
Magnetohydiodynamic power generation is based on the fundamental 
(Faraday's) law of electrodynamic induction extended to electrically conducting 
fluids. The basic principle of magnetohydrodynamic converters is that an 
electromotive force is induced in a conductor moving across a magnetic field [1-3]. 
MHD power generation can be broadly classified as plasma and liquid metal based 
MHD power generators. 
In plasma based MHD power generators, the basic idea is to add easily 
ionisable atoms to the combustion products of the fossil fuels and convert the gas into 
plasma. The plasma is allowed to flow across a magnetic field so that we can extract 
electrical power at higher temperature. A number of plasma based plants have been 
built all over the world. Even though, most of the problems have been identified and 
solutions found the major obstacles are the non-availability of super conducting 
magnets and the lack of long duration high temperature materials, which come into 
contact with plasma. 
Liquid metal based MHD systems are suitable for low temperature and low 
heat sources and are capable of working in the temperature range 500 K-llOO K [4-5]. 
In addition to the nuclear fusion and breeder reactors, they can be coupled to low 
grade heat sources like industrial/nuclear waste heat, solar, geothermal etc. for the 
power generation. Prof Branover and his group at Center for MHD studies, Ben 
Gurion University, Israel and Patrick and others from Argorme National Laboratory 
(ANL) in U.S.A. are pioneer in Liquid metal MHD power generators. 
Liquid Metal Magnetohydrodynamic Power Converters (LMMHD PC) have 
superior thermodytuunic cycle efficiencies than other competing energy conversion 
systems for the same source temperature. Conventional power conversion systems 
have low efficiency of conversion for low temperature and low heat source. Since the 
thermodynamic cycle of LMMHD system consists of isothermal expansion of vapour, 
they have better conversion efficiencies. 
The basic LMMHD power generating systems can be broadly classified into 
gravitational and inertia! type LMMHD power conversion system. In the gravitational 
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system, earth's gravitational force is invoked into the system and is used for 
converting the mechanical work done by the thermodynamic fluid into gravitational 
potential energy of the liquid metal as an intermediate step and is subsequently 
converted into electrical energy. For these systems, high-density liquid metals like 
mercury, lead, lead-bismuth alloy etc. are used. On the other hand, in the inertial 
systems, thermal energy is directly converted to electrical energy. System requires 
two-phase MHD generators and thus design of the system is based on the complex 
two-irfiase MHD flow equations, which are yet not fiiUy understood. Also because of 
non-uniform electrical conductivity and variation of void fraction along the channel, 
MHD generator construction becomes complex. However, these systems can be 
naturally integrated with Fast Breeder Reactors (FBR) and the proposed Fusion 
Reactors where already light density liquid metals like sodium (FBR) and lithium 
(fusion reactor) are used for thermal energy extraction. 
Each scheme has its own advantages. For example in the former scheme, 
MHD generator is of single phase (liquid metal alone) and has many attractions like 
simple channel construction, uniform electrical conductivity in the MHD generator 
etc. 
The basic gravity type LMMHD PC system consists of two fluid i.e. liquid 
metals playing the role of an electrodynamic fluid and some suitable vapour/gas as 
thermodynamic fluid. Depending upon the temperature of the heat source, various 
combinations of these fluids are chosen. These systems are based on two vertical 
pipes i.e. riser and down comer. Both the riser and down comer is connected at the 
bottom by L-bend pipes in which heat exchangers are situated and at the top by a 
liquid-gas separator. Another connection from the separator leads to a condenser, 
which is connected the mixer through the pump. The Mixer is situated at the bottom of 
the riser and the MHD generator is connected at a suitable location in the down comer. 
Heat enei^ gy is added either to the thermodynamic fluid or liquid metal or both 
of them depending upon the heat source and type of scheme adopted for a particular 
plant. Thermodynamic fluid either in liquid or vapour jAases at appropriate pressure is 
introduced through the mixer. The liquid is converted into vapour (in case bquid is 
introduced) after coming into contact with the hot liquid metal. The vapour expands 
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nearly isotbermally in the riser, providing the driving force to liquid metal. Two-phase 
flow is created in the riser due to density difference between riser and down comer, 
thus circulating the liquid metal in the loop naturally. The expanded vapour in the 
separator is separated by the gravitational force and condensed in the condenser and 
then pumped back into mixer or the vapour enters in the mixer of second LMMHD 
loop operating at lower pressure. Liquid metal alone flows through the downcomer 
and the MHD generator. In the MHD generator, part of the mechanical energy is 
converted into electrical energy and liquid metal experiences additional pressure drop 
because of the MHD force. From the MHD generator, it flows directly or through a 
heat exchanger where suitable heat energy is added thus completing the loop. The 
electrical power generated by the LMMHD is DC and generally of high current and 
low voltage. This is because of the low velocity and high electrical conductivity of 
liquid metals. Hence, the power generated in the MHD generator can be used directly 
where DC is required (e.g. Hydrogen generation etc.) or converted to AC using 
appropriate inverters. 
The main advantage of gravity type LMMHD PC systems are that these 
systems are simple in design, modular and can be added on. The height of the single 
riser and down comer can be divided into several stages and thermodynamic fluid can 
pass through multiple loops. This increases output voltage (connected in series). 
Further optimisation can be achieved by introducing heat exchanger between any loop 
and using different thermodynamic fluid. 
In actual LMMHD PC systems, many mechanisms like improper coupling of 
two-phase flow, carry under phenomenon in the downcomer, losses due to re-
circulating currents at the entrance and exit region of the MHD generator, ohmic 
losses due to joule heating, boundary layer shunt losses, reduction in the power due to 
induced currents etc. reduce the efficiency of conversion considerably. Detailed 
analysis of these phenomena has to be carried out to accurately design or scale up 
LMMHD power generation systems. 
In this thesis, work related to gravity type LMMHD power conversion has 
been carried out. The most important phenomenon to study is the two-phase flow in 
the riser. Accurate designing of LMMHD requires understanding the two-phase flows 
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in the riser. Due to large variation of the void fraction in the riser, the flow undergoes 
bubbly, chum and slug flow. In this thesis, details of two fluid model developed are 
presented. In addition, experiments have been carried out in the nitrogen-mercury 
LMMHD facility at BARC to verify the model developed. Measured void fraction and 
pressure values are compared with predicted values. Based on this model, a unique 
liquid metal MHD PC of gravity type in the range of 200-250 kWe is designed. Details 
of the two-fluid model developed, experimental data and design details of LMMHD 
PC designed have been presented in this thesis. 
A detailed literature survey of two-phase flow which includes the basic aspects 
of two-phase flow, various models like slip, mixture, two-fluid etc. and their 
advantages, different problem areas in the modelling of two-phase like interfacial 
transfer terms, interfacial area etc., various flow regimes, maps and transition criteria 
have been presented [6-18]. 
Two-phase flows can be broadly classifies as vertical and horizontal flow. 
Among the vertical flows, we have co-current upward like in the riser of LMMHD 
system, co-current downward, counter current flow with the liquid flow downward 
and gas flow upward. The other possibility of liquid flow upward and gas flow down 
ward is not possible. In this thesis, analysis and review is carried out for co-current 
upward flow. 
Besides the different averaging methods [6-7] for developing a two-phase flow-
model, there are two fundamentally different formulations of the macroscopic balance 
equations for two phase flow systems. These are the mixture model and two-fluid 
model. The mixtiire model is formulated by considering the motion of a two-phase 
mixture as a whole in terms of mixture momentum equation. The relative motion 
between phases is taken into account by a closure equation for relative velocity. The 
most important assumption associated with the mixture model is that a strong coupling 
exists between the motions of two-phases. Depending on the form of the closure 
equation for the relative velocity and on the treatment of the thermal non-equilibrium 
between phases, a number of different mixture models have been propose i.e. 
homogeneous flow model, slip flow model and drift-flux models. Depending upon the 
geometry, flow rates, fluids used, there are many empirical relations available in the 
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literature. Most of them are confined to steam-water or air-water flows. A very little 
work has been carried out for the case of liquid metal flows. The main disadvantages 
of all these models are, the equations do not take into consideration explicitly the 
various flow regimes. They also do not account for different initial conditions (bubble 
size etc.). 
Two-fluid models are formulated by considering each phase separately in 
terms of two sets of conservation equations governing the balance of mass, momentum 
and energy of each phase. Since the macroscopic field is not independent of the other 
phases, the interaction terms, which couples the transport of mass, momentum and 
energy of each phase across the interface, appear in the field equation. For liquid metal 
two-phase flows, Mond and Sukoriansky (1984), Eckert et al. (1993) have studied tfie 
flow by two-fluid model with multibubble assumption [11-12]. 
Using temporal or statistical averaging, Ishii et al. obtains general three-
dimensional two-fluid model [10]. Hence based on this model a quasi one-dimensional 
steady state two-fluid model is developed. 
Previous studies have indicated that unless phase momentum interaction terms 
are accurately modelled, the advantage of the two-fluid model over the mixture model 
disappears and numerical instabilities arise [8-9]. The two-fluid model can easily 
analyse the non-equilibrium effects by using two sets of balanced equations. This 
model is even more useful in studying the mechanical non-equilibrium effects, e.g., 
sudden mixing of two phases, transient flooding and flow reversal and rapid transient 
flow. Thermal non-equilibrium between phases can be analysed accurately by the 
inclusion of two-energy equations. Another main advantage of two-fluid model is, it 
can take the flow structure explicitly. In the riser of the LMMHD systems, the flow 
consists of bubbly, chum and slug as the void fraction varies from 0.1 to 0.8. At hi^er 
velocities, annular flow occurs. In view of relatively low velocity, this flow does not 
occur in LMMHD system. Near the mixer, the flow is typically bubbly until the void 
fraction increases to around 0.25 to 0.3, where bubble coalesces. In the bubbly flow, 
the vapour or gas phase is distributed as discrete bubbles in a continuous liquid flow. 
The bubbles may be small and spherical at one extreme and relatively large non-
spherical shape at the other extreme. 
Depending upon the distance from the mixer and flow rate, the flow either 
become slug or chum In the slug flow, the size of the vapour or gas bubbles is 
approximately the diameter of the pipe and is called Taylor bubble When the distance 
from the mixer is less than certain length called 'entrance length', the flow does not 
stabilises as slug instead becomes chum flow 
The interfacial transfer terms are one of the important aspects of two-fluid 
formulation modelling However, there exist considerable difficulties in this area both 
in terms of experiments and modelling These terms in two-fluid models specify the 
rate of phase change, momentum transfer and heat transfer at the corresponding 
interfaces between phases The interfacial transfer terms are strongly related to the 
interfacial area and to the local transfer mechamsms, such as degree of turbulence near 
the interfaces [13] The interfacial transport terms are proportional to the interfacial 
area concentration and to the driving force 
The interfacial area concentration is defined as the interfacial area per mut 
volume of the mixture and characterises the first order geometncal effect [17] Thus, it 
must be related to the structure of the two-phase flow field Since the interfacial area 
concentration is a parameter, which characterises the structure of a flow, its modelling 
should be based on the geometrical factor, void fraction and flow The approach 
applied by Ishii and Mishima (1984) tells that the interfacial area concentration is 
related to the geometry of the flow such as the bubble sizes, bubble number density, 
bubble shape factor, roughness of the interfaces and hydraulic diameter, as well as 
hydrodynamic parameters such as the amount of droplet entrainment and void fraction 
[10] 
When the flow transition takes place fi^ om bubble to slug or chum, the 
interfacial area is modified due to (1) coalescing of the bubble and (2) distortion of 
sphencal bubble Coalescing decreases the area whereas distortion increases 
However, in general there is a net decrease m the interfacial area per unit volume 
In this thesis, the model developed by Ishii-Mishima (1984) for interfacial drag 
and virtual mass force has been used [10,15] Taitel-Bomea-Duckler (1980) cntena for 
flow transition are assumed [16] 
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In general, the two-phase flows obey extremely complicated three-dimensional 
time dependent conservation equations for mass, momentum and energy for each 
phase and they are not amenable for direct solution. Appropriate assumptions have 
been made to simplify these equations. A quasi one-dimensional steady state two-fluid 
model, which explicitly takes into consideration vapour momentum equation, has been 
used for modelling and the calculation of liquid metal and vapour/gas velocities, 
vapour/gas density, void fi"action and pressure distribution in the riser 
Friedel Correlation is valid for wide range of vertical upward and horizontal 
flows. Since the ratio of liquid to vapour/gas viscosity of typical liquid metal flow is 
less than 1000, Friedel correlation for frictional pressure drop is used [18]. 
Since the typical ratio of liquid metal to vapour flow rates in a LMMHD PC is 
aroimd 10 to 10 , the liquid metal acts as a huge reservoir and the temperature drop in 
the riser is few degrees Celsius only. In view of this, energy equation is not explicitly 
solved and temperature is assumed constant m the riser. However, the temperature in 
the separator is determined from energy balance and by taking into account heat losses 
in the wall of the pipe. 
The standard drag force acting on the bubble imder steady state conditions can 
be given by in terms of the drag coefficients based on the relative velocity. Since the 
flow structure differs drastically for bubble, chum and slug, the appropriate drag area 
also differs (10,13]. 
In two-phase flow system, the void fraction and interfacial area concentration 
are two of the most important geometrical parameters. Since these two parameters 
appear in the balance equation as additional variables to the basic variables, two 
closure relations should be supplied for void fraction and interfacial area 
concentration. 
The virtual mass force for multibubble regime is used. Since the flow is not the 
critical flow, the virtual mass force is found to be two to three orders less than the drag 
force and the flow was insensitive to the virtual mass force. In view of this the same 
relation is used for all regimes [10,13-14]. 
The procedure to arrive at the final working equations from basic quasi one-
dimensional steady state equation is not so simple. First we differentiate the equations 
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with respect to z and then eliminate some terms and after rearranging we can get the 
derivative of vapour and liquid metal velocities. 
Once vapour and liquid metal velocities are obtained by solving the above-
coupled equations numerically, void fraction, vapour density and pressures are 
determined from the liquid continuity, vapour continuity and equation of state. 
Because of the large thermal capacity of the liquid metal and low mass flow 
rate of the vapour, the overall drop in temperature is very small (< 3 °C). Hence, the 
temperature drop is determined at the exit of the riser from energy conservation by 
assuming an isothermal expansion of vapour. 
In order to solve the fluid equations in the riser, initial average bubble size at 
the exit of the mixer distributor is required. No detailed studies have been carried out 
for liquid met^-vapour flows to study bubble size distribution. In view of this, average 
bubble diameters for various vapour flows have been determined by using Kumar et 
al. relations [19]. 
For given geometry and flow rates of liquid and vapour, the initial values like 
pressure, temperature, diameter of the holes of the mixer distributor, slip etc. have to 
be specified at the mixer exit. 
From the vapour flow rates and mixer holes, bubble diameter is calculated. 
From pressure and temperature, vapour density is determined. From the flow rates and 
slip values, initial liquid and vapour/gas velocities are determined using continuity 
equations and the values of all the variables are calculated by marching method. 
The final equations for vapour and liquid metal velocities are solved by 4 
order Runge-Kutta method starting from mixer exit with appropriate initial conditions 
[20]. A computer code has been developed for solving these equations (along with 
entire loop) in Fortran-90 language. 
In chapter 3, two-fluid model suitable for predicting various parameters in the 
riser of the LMMHD PC has been developed. In order to validate the model, it is 
essential to compare the predicted values of the model with that of the measured one. 
Experiments have been performed at Bhabha Atomic Research Centre in a 
nitrogen-mercur>' liquid metal magnetohydrodynamic (LMMHD) gravity type facility 
woridng at ambient temperature. Measured pressure and void fraction values have 
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been compared with predicted values for different nitrogen and mercury flow rates. 
Experiments have been carried out for seven flow rates [21-23]. The corresponding 
mass fluxes are also presented The nitrogen mass flow rates is determined by 
measuring volumetric flow rate, (rotameter) and pressure (which gives the density) at 
the outlet of the rotameter. Mercury flow rate is determined from measuring open 
circuit voltage, applied magnetic field and applying appropriate correction for end 
effect [26], 
The flow was mainly bubble and chum at the measurement location of the void 
fraction. We see that flow is bubbly for flow rates 0.6 g/s to 2.5 g/s and becomes 
chum for 7.0 g/s to 11.0 g,/s at both measurement locations. But in the case of 4.7 g/s, 
the flow is bubbly at 1.1 m from the mixer and becomes chum at 2.8 m from the mixer 
exit. For our flow rates, Taitel-Bomea-Duckler classification (1980) does not predict 
slug flow in the entire length of the pipe. 
Co of activity 2775 MBq was used as gamma ray source and 1.33 MeV 
photons were chosen for void fraction measurements. Radioactive source was placed 
in a lead container and a 3 mm diameter collimated beam was obtained. The source 
was shielded in all other directions by choosing a proper shielding thickness of the 
container so that the surface does not exceed 0.025 mSv/h. Between the source and 
the flow system, a lead block of thickness 51 mm with a central hole of diameter 4 
mm was used to obtain a collimated narrow beam. A similar type of the lead block 
was also used between the flow system and the detector to prevent the secondary-
radiation from reaching the detector. The detector unit consisting of a Nal(Tl) 
scintillator, photo multiplier tube and pre-amplifier w^ connected to a gamma-ray 
spectrometer. The source and detector were mounted on a horizontally movable 
platform so that gwtmia raj beam could pass through various chord lengths of circular 
cross-sections of the pipe at the given height of the riser pipe. The pulse height 
analyser was so set that only 1.33 MeV energy gamma rays were counted. 
The measurements were taken at different chord lengths corresponding to the 
couirts when the pipe was filled with nitrogen only, mercury only and during two-
phase flow. Nitrogen is introduced into the mixer from the header at 5-6 atm pressure. 
A two-phase is established in the riser and gives rise to a density difference between 
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the riser and the downcomer. The density difference creates a pressure difference and 
hence the liquid metal is circulated in the loop. Nitrogen is separated and bubbled out 
to the ambient through a water tank. Mercury alone flows through the downcomer 
Since void fraction varies across the cross-section of the pipe, to determine 
averaged void fraction, void fraction profiles should be determined which is a function 
of radial distance [24-25]. 
Void fraction profiles were measured at the locations 1.1m and 2.8 m from the 
mixer exit. For low nitrogen flow rates and the corresponding mercury flow rates, the 
void exhibited oscillating profile as a function of radial co-ordinates at both locations. 
Also there was a significant asymmetry between the left and the right profiles. Further, 
the flow does not appear to be fully developed in view of low volumetric flow rates. 
However, at flow rates above 4.7 g/s, the void profile exhibited monotonic variation 
with maximum value at the centre. From the profiles of the void fraction, area 
averaged void fraction was calculated. The error range in the void values estimated to 
be around 15% is based on the repeatabilit>', difference in left and right side 
measurements, dynamic fluctuations, error in the liquid metal and gas flow rates 
The slip values were calculated from the measured void fraction, flow rates of 
gas and liquid metal and pressure. The measured void fraction and slip along with the 
predicted values without and with cross sectional variation effects are summarised. In 
general there is not much difference between the two cases. However, the void fraction 
is less when cross-sectional variations are included (since corresponding slip values 
are larger). The maximum deviation between the experimental and the theoretical 
values is around 10% without cross sectional effect and is around 20% when cross-
sectional effects are included. 
The deviation between experimental slip and predicted value is 20 % without 
cross-sectional effect and 50 % when cross-sectional effects are included. There is a 
deviation of 33 % at 2.5 g/s flow rate between experimental slip and predicted value 
when no cross-sectional effects are included. For the rest of data the maximum 
deviation is 10 % without cross-sectional effects and 33 % when cross-sectional 
effects are included. 
The measured pressure data are compared with the predicted values. The 
maximum deviation is 22 % without cross sectional effects and is 13% when cross 
sectional effects are included. For rest of the data, the maximum deviation is around 
13 % without cross sectional effects and is around 8 % when the cross sectional effects 
are included. Thus it may be concluded that over all void fractions and slip match well 
with predicted values (within 10% for void fraction and 25% for slip), when no cross-
sectional effects are included [21]. 
Based on the two-fluid model developed a unique demonstration LMMHD PC 
coupled to solar and waste heat in the power range of 200-500 kW (electrical) for 
generating hydrogen has been designed [27]. Detailed parametric analysis related to 
geometry, flow rates, electrical power and magnetic fields have been carried out to 
arrive at optimum values. In order to design total LMMHD loop, in addition to mixer 
and riser, modelling of other components specially MHD generator has to be carried 
out. 
In general, depending upon the highest operating pressure, total heat available, 
number of LMMHD power modules connected in series and/or parallel is determined. 
Taking these into considerations a two-loop system operating in series for a 2.5 MW 
thermal power is designed. Loop-1 operating at 31 bar and 350 °C with lead and loop-
2 operating at 15.5 bar and 215 °C with lead-bismuth has been taken up for detailed 
design, with the water/steam collecting all the required thermal power (the 
temperature and pressure are based on the solar tower). The steam flow rate is decided 
by the highest steam temperature and over all thermal power availability. Based on 
this criterion, 0.9 kg/s flow rate is frozen for detailed optimisation. Also, in order to 
reduce the electrical power requirements as well as the effect of interaction parameter 
on the fluid, the maximum magnetic field intensit> is restricted to around 1.0 T 
Since the two loops will be coimected in series electrically, the design is carried out 
for same current in both the loops. It is planned to use the electrical power for 
hydrogen generation by electrolysis. This requires voltages in the range of 2.0 to 3.0 
Volts. Accordingly, the MHD generator design has been carried out. A separate 
analysis has been carried out to determine end losses for different aspect ratio, load 
factor and magnetic field with and without vane. 
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The designed system is as follows: Superheated steam of 0.9 kg/s enters loop-
1 mixer at 31 bar and 430 °C (operating at 350 "C). The additional enthalpy in the 
steam provides required heat energy for thermal losses in the loop and electrical power 
generation. Loop-1 generates 102 kW of electrical power. Steam enters loop-2 at 15.5 
bar at 349 °C. Lx)op-2 operates at 215 °C. In this loop 181 kW of electrical power is 
generated. Steam at 2.5 bar enters regenerator and condenser. Water at 45 bar and 60 
°C from pump enters regenerator (here 0.3 MW heat is given) collects 2.5 MW of heat 
from solar receiver and enter the mixer of loop-1. A total of 2.5 MW heat is supplied 
which generates 283 kW of electrical power after accounting for thermal losses 
(thermal losses through the pipes are estimated to be around 200 kW) [28]. The net 
electrical power after accounting for magnet power, feed water pump and auxiliary 
component is 230 kWe. The net and gross efficiencies are 9.2 % and 11.2 % 
respectively. The efficiency calculation does not include efficiency from solar 
radiation to thermal conversion. All other details related to sizes of various 
components, flow parameters etc. are presented in the thesis. 
It can be concluded that the two-fluid model developed in the thesis can be 
used not only for understanding the behaviour of the two-phase flows but also for 
designing LMMHD Power Conversion System in kW to MW range. 
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Chapter - 1 
Introduction 
1.1 MHD Power Generation 
Magnetohydrodynamic power generation is based on the 
fundamental (Faraday's) law of electrodynamic induction extended to 
electrically conducting fluids [11. In general, most of the liquids and gases 
are not good electrical conductors. However electrically conducting liquid 
metals and ionised gases (plasmas) can be utilised for power generation 
(Fig. 1.1). The basic principle of magnetohydrodynamic converters is that 
an electromotive force is induced in a conductor moving across a magnetic 
field [2-5]. This contributes to the power generation in the following three 
ways: 
(a) Direct conversion of thermal to electrical energy by eliminating the 
intermediate mechanical energy stage (MHD generator playing the 
dual role of turbine and dynamo). 
(b) Higher efficiency of conversion since the thermodynamic cycle can 
be operated at higher temperatvire in the case of plasma MHD 
systems. 
(c) Generation of power fi*om heat source hitherto considered not 
suitable for power generation using Uquid metal MHD system. 
1.2 Plasma based MHD Power Converters 
During the last few decades, active research has been going on in 
different laboratories to develop plasma based MHD power generators. The 
basic idea is to add easily ionisable atoms to the combustion products of 
the fossil fuels and convert the gas into plasma. The plasma is allowed to 
flow across a magnetic field so that we can extract electrical power at 
higher temperature. The proposed power system consisting of a MHD 
generator coupled with conventional steam turbine is expected to have the 
Fig. 1.1: Principle of MHD power generation 
conversion efficiency of 50% or more. A number of plasma based plants 
have been built all over the world. Even though, most of the problems have 
been identified and solutions found, the major obstacles are the non-
availability of super conducting magnets and the lack of long duration high 
temperature materials which come into contact with plasma. At present 
there are no commercial MHD plasma energy converters. 
1.3 Liquid Metal MHD Power Converters 
Liquid metal based MHD systems are suitable for low temperature 
and low heat sources and are capable of working in the temperature range 
500 K-llOO K. In addition to the nuclear fusion and breeder reactors, they 
can be coupled to low grade heat sources Uke industrial/nuclear waste 
heat, solar, geothermal etc. for the power generation [6-151. The difficulties 
of material constraint and super conducting magnet do not come into 
picture in these systems since the working temperature is not very high. 
Due to high electrical conductivity of the liquid metal, the magnetic flux 
density can be limited to less than 1.2T, which can be generated with 
conventional electromagnet with comparatively low electrical power. The 
earUest studies related to LMMHD EC have been conducted at Jet 
Propulsion Laboratory in U.S.A. aroiuid 1960 with the aim to develop 
liquid metal cooled nuclear reactors for space. However, the real progress 
was made by professor Branover and his group at Center for MHD studies, 
Ben Gurion University, Israel and Patrick and others from Argonne 
National Laboratory (ANL) in U.S.A. during early 80's [16-21]. 
Liquid Metal Magnetohydrodjrnamic Power Converters (LMMHD 
PC) have superior thermodynamic cycle efficiencies than other competing 
energy conversion systems for the same source temperature. Conventional 
power conversion systems have low efficiency of conversion for low 
temperature and low heat source. This Umitation at lower temperature 
side is due to the low efficiency of thermodynamic cycle (Rankine cycle). 
Since the thermodynamic cycle of LMMHD system consists of isothermal 
expansion of vapour, they have better conversion efficiencies. 
The basic LMMHD power generating systems can be broadly 
classified in two categories: 
(i) Gravitational or vertical type LMMHD power conversion systems, 
(ii) Inertial or horizontal type LMMHD power conversion system. 
In the gravitational system, earth's gravitational force is invoked 
into the system and is used for converting the mechanical work done by 
the thermodynamic fluid into gravitational potential energy of the Uquid 
metal as an intermediate step and is subsequently converted into electrical 
energy. For these systems, high-density liqmd metals like mercury, lead, 
lead-bismuth aUoy etc. are used. On the other hand, in the inertial 
systems, thermal energy is directly converted to electrical energy. Each 
scheme has its own advantages. For example in the former scheme, MHD 
generator is of single phase (Uquid metal alone) and has many attractions 
like simple channel construction, uniform electrical conductivity in the 
MHD generator etc. Gravitational t)T)es of LMMHD systems are at an 
advanced stage of commerciaHsation. 
On the other hand, inertial system requires two-phase MHD 
generators and thus design of the system is based on the complex two-
phase MHD flow equations, which are yet not fully understood. Also 
because of non-uniform electrical conductivity and variation of void 
fi'action along the channel, MHD generator construction becomes complex. 
However, these systems can be naturally integrated with Fast Breeder 
Reactors (FBR) and the proposed Fusion Reactors where already Hght 
density hquid metals like sodium (FBR) and lithium (fusion reactor) are 
used for thermal energy extraction [7-8,11-141. 
1.3.1 Liquid Metal Magnetohydrodynamic Power 
Conversion System of Gravity Type 
The basic gravity type LMMHD PC system consists of two fluid i.e. 
liquid metals playing the role of an electrodynamic fluid and some suitable 
vapour/gas as thermodynamic fluid. Depending upon the temperatiu*e of 
the heat source, various combinations of these fluids are chosen. 
Gravitational systems employ high-density hquid metal like lead, lead 
alloys, mercury etc. with only electrodynamic fluid flowing through the 
MHD generator. The schematic of the gravity type LMMHD system is 
shown in Fig. 1.2. It consists of two vertical pipes one is known as riser and 
the other one is known as down comer. Both the riser and down comer is 
connected at the bottom by L-bend pipes in which heat exchangers are 
situated and at the top by a liquid-gas separator. Another connection from 
the separator leads to a condenser, which is connected the mixer through 
the pump. The Mixer is situated at the bottom of the riser and the MHD 
generator is connected at a suitable location in the down comer. 
Heat energy is added either to the thermodynamic fluid or liquid 
metal or both of them depending upon the heat source and type of scheme 
adopted for a particular plant. Thermodynamic fluid either in liquid or 
vapour phase at appropriate pressure is introduced through the mixer. The 
liquid is converted into vapour (in case hquid is introduced) after coming 
into contact with the hot Hquid metal. The vapour expands nearly 
isothermally in the riser, providing the driving force to Hquid metal. Two-
phase flow is created in the riser due to density difference between riser 
and down comer, thus circulating the Hquid metal in the loop naturaUy. 
The expanded vapour in the separator is separated by the gravitational 
force and condensed in the condenser and then pumped back into mixer or 
the vapour enters in the mixer of second LMMHD loop operating at lower 
6 
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Fig. 1.2: Schematic of the basic LMMHD PC system 
of gravity type 
pressure. Liquid metal alone flows through the downcomer and the MHD 
generator. In the MHD generator, part of the mechanical energy is 
converted into electrical energy and Hquid metal experiences additional 
pressure drop because of the MHD force. From the MHD generator, it 
flows directly or through a heat exchanger where suitable heat energy is 
added thus completing the loop. The electrical power generated by the 
LMMHD is DC and generally of high current and low voltage. This is 
because of the low velocity and high electrical conductivity of Hquid metals. 
Hence, the power generated in the MHD generator can be used directly 
where DC is required (e.g. Hydrogen generation etc.) or converted to AC 
using appropriate inverters. 
Low and high temperature thermodynamic cycles for LMMHD 
systems are shown in Figs. 1.3 and 1.4 respectively. In the low-grade heat 
sources, where highest cycle temperature is less than the critical vapour 
temperatvire of the fluid, the cycle almost approaches the Carnot cycle, 
leading to the possibility of achieving very high thermodynamic efficiency. 
The corresponding thermodynamic cycle of the conventionsd system 
operating between the same temperature is also shown. The comparison 
clearly shows the low thermodynamic cycle efficiency inherent in the 
conventional system for low temperature heat sources (TH < Tc). 
On the other hand, in the high-grade heat sources, even though, the 
cyclic efficiency is not as large as Carnot cycle, they still have efficiencies 
larger than that of conventional systems. The basic reason behind the 
higher efficiency in all LMMHD system is due to expansion of vapour in 
the riser isothermally since it is in direct contact with Hquid metal. Since 
the quantity of the hquid metal is very much larger than that of vapour (by 
a factor of 10^ to 10^), it acts as an infinite heat reservoir, thus making the 
expansion isothermal like that in the case of Carnot cycle. 
However the actual power conversion efficiency is lower due to many 
phenomena like sUp between the phases, fiictional pressure drop, carry 
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10 
under, end losses in the MHD generator etc. In addition, operating at high 
conversion conditions requires larger inventory of the liquid metal and 
higher electrical power consumption for the magnet. 
LMMHD PC systems are simple in design, modular and can be 
added on. The height of the single riser and down comer can be divided 
into several stages and thermodynamic fluid can pass through multiple 
loops. This increases output voltage (connected in series). Further 
optimisation can be achieved by introducing heat exchanger between any 
loop and using different thermodynamic fluid. 
1.3.2 Inertial Type Liquid Metal Magnetohydro-
dynamic Power Conversion System 
In these systems, the thermodynamic flviid consists of gas/vapour 
(hehum, nitrogen, etc.) with a compatible Hght density Hquid metal (tin, 
sodium, lithiiun etc.). Fig. 1.5 shows the schematic of the inertia type 
system. The kinetic energy of Hquid metal obtained from the 
thermodynamic fluid is directly converted to electrical energy in a two-
phase MHD generator. The Uquid metal absorbs heat when it passes 
through the heat source. 
Since the Uquid metal alone cannot perform any thermodynamic 
work, a two-phase is created in a mixer by introducing appropriate vapour 
or gas at the inlet of the expansion channel. High-pressure gas/vapour is 
allowed to expand in the divergent two-phase MHD generator. Thus, 
unlike LMMHD PC of gravity type, intermediate stage of gravitational 
potential energy is eliminated. Since the Uquid metal is a thermal heat 
reservoir, the expansion occurs at appropriate constant temperature. 
After generator, the two-phase mixture enters the nozzle where 
additional pressure is used to accelerate the fluids, so that separation of 
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the fluid can be done efficiently in the separator. The separator is designed 
to preserve the most of the kinetic energy of the Uquid metal and this 
kinetic energy is recovered into pressure in a diffuser. The pressure needed 
to return the Uquid metal through the primary heat exchanger to the 
mixer is taken from the diffuser. A liquid metal pump is the alternative of 
the nozzle-diffuser system. These power conversion systems are still being 
studies at laboratory scale. 
1.4 Specific Objectives of the Thesis 
The thermodynamic cycle shown in Figs. 1.3 and 1.4 is that of an 
ideal system. As mentioned earlier, in actual systems, many mechanisms 
like improper coupling of two-phase flow, carry under phenomenon in the 
downcomer, losses due to re-circvdating cvirrents at the entrance and exit 
region of the MHD generator, ohmic losses due to joule heating, boundary 
layer shunt losses, reduction in the power due to induced currents etc. 
reduce the efficiency of conversion considerably. Detailed analysis of these 
phenomena has to be carried out to accurately design or scale up LMMHD 
power generation systems. 
In this thesis, work related to gravity type LMMHD power 
conversion has been carried out. The most important phenomenon to study 
is the two-phase flow in the riser. It is here that the mechanical energy of 
the gas is transferred to the liquid metal. Accurate designing of LMMHD 
requires understanding the two-phase flows in the riser. Due to large 
variation of the void fraction in the riser, the flow undergoes bubbly, churn 
and slug, thus complicating the analysis. In this thesis, details of two fluid 
model developed are presented. In addition, experiments have been carried 
out in the nitrogen-mercury facility to verify the model developed. 
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Measured void fraction and pressure values are compared with predicted 
values. 
Based on this model, a unique liquid metal MHD PC of gravity type 
in the range of 200-250 kWe is designed. Details of the two-fluid model 
developed, experimental data and design details of LMMHD PC designed 
have been presented in this thesis. 
1.5 Global Status of LMMHD PC Technology 
Many experimental facilities to study various aspects of LMMHD 
systems have been built at different institutions in the world (e.g. USA, 
Israel, India, France, Germany etc.). Pioneering work in LMMHD PC is 
being carried out at the Ben Gurion University of Negev, Israel. Here 
gravity based LMMHD program first started in 1978 [22]. In 1981, the 
first complete prototype LMMHD system working with mercury (Hg) and 
Freon-113 at 363 K producing 20 watt electrical power was put in 
operation. It was vertical system with a two-phase MHD generator 
situated in the upper side of the riser. Based on the studies in this facility, 
the ETGAR (ETGAR means CHALLENGE in Hebrew) program was 
started in 1982 at Ben Gurion University with the aim of demonstrating 
the LMMHD concept on semi-industrial scale. Two systems (ETGAR-1 and 
ETGAR-2) were designed and detailed design and parametric studies were 
carried out. The former system was a NaK-Neo-Hexene system with a two-
phase flow generator and a nozzle-separator-diffuser pressure recovery 
and the latter system was a vertically arranged Mercury-Freon 113 system 
with a two-phase generator. Meanwhile, a bigger gravity based vertical 
type system known as ER-4 was bmlt and tested in 1984 at Ben Gurion 
University. Steam and mercury were used as a thermodynamic and 
electrodynamic fluid respectively at 440 K and produced 450 watts 
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electrical power. After extensive studies carried out in these systems, a 
semi industrial scale gravity type ETGAR-3 LMMHD system was 
commissioned in 1985. The complete system operation and experimental 
studies were performed during 1986. ETGAR-2 LMMHD system was 
designed to produce 8 kW electrical power and (^ ra t e with lead-bismuth 
alloy and steam at 423 K [23-27]. 
Based on these developmental studies, Ben Gurion University is 
now in a position to build a demonstration plant called ETGAR-5 and the 
ultimate mature commercial plant ETGAR-7. These systems are going to 
be operated with Lead-Bismuth alloy and steam. In addition, studies 
related to MHD turbulence, metallvurgical appUcations are being carried 
out [28]. 
At Institute Mechanique De Grenoble, France, studies related to 
two-phase MHD generators based on mercury-nitrogen and the 
development of special liquid metal diagnostics are carried out. Studies are 
also being carried out to develop LMMHD energy converters in space, 
which do not contain any moving mechanical parts [29-31]. 
The Institute of Physics in Latvia is completely devoted to LMMHD 
research which includes MHD generator studies, development of large size 
MHD pumps for Breeder reactors and problem related to liquid metal 
blankets for fusion systems. Hydrauhcs of MHD flows at very high 
Hartmann number and interaction parameters are studied here [32-39]. 
At Research Centre, Rossendorf, Germany, the studies related to 
two-phase MHD generators based on sodium-nitrogen are being carried 
out. In addition, work is being done in basic MHD phenomenon [40-42]. 
During late 70's and early 80's, significant work was carried out at 
Argonne National Laboratory, LISA. Studies related to sodium-nitrogen 
MHD generator under hot conditions, end loss studies, optimisation of 
turbine efficiency of the MHD generator have been carried out. In addition. 
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lithium based blanket studies related to fusion reactors are being studied 
[43-451. 
In Japan at Tokyo University, the main emphasis is given on 
utilisation of various MHD effects i.e. JxB force, J E heat, OxB Lorentz 
force etc. in metallurgical applications and develop MHD related fluid flow 
breaks, levitation, stirring, mixing and heating [46-49,128-129]. 
In India, the research activity related to LMMHD PC systems is 
being carried out at Bhabha Atomic Research Centre (RARC) [50-51]. An 
experimental nitrogen-mercury simulation system was built to study the 
various phenomena related to power losses in the MHD generator [52-54]. 
Special diagnostics Like gamma-ray system for measiu-ement of void 
fraction in two-phase liquid metals have been developed [55-57]. In 
addition, experimental studies related to end losses, effect of insulating 
vane have been carried out [58-59]. Theoretical studies related to 
utilisation of nuclear waste heat/indnerator heat and solar energy using 
LMMHD conversion systems is also being carried out [6,152]. 
1.6 Thesis Organisation 
This thesis is divided into six chapters and also contains three 
appendices. Chapter-1 is the introductory part of the work in the field of 
Uquid metal magnetohydrodynamic power generation. This chapter 
contains details and the basic principle and various types of LMMHD 
power converters. In Chapter-2, current status of the two-phase flows 
related to two-phase Uquid metal flows have been reviewed. Extensive 
literature related to various flow models, experimental studies performed 
have been presented. Chapter-3 deals with modelling of two-phase flows 
along with equations related to drag force, virtual mass force, interfacial 
area, etc. Details of experimental set-up, gamma-ray void fraction 
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measurement system and experiments carried out in the N;^-Hg facility 
have been presented in Chapter-4. Predicted values based on the model 
developed along with the experimental data are also summarised in this 
Chapter. In Chapter-5, details of basic design of prototype LMMHD PC 
coupled to solar thermal system are presented. Detailed parametric 
analysis of complete LMMMHD PC has been presented. In addition to two-
fluid equations used for riser, equations used to determine various 
electrical, fluid, geometric parameters for MHD generator; downcomer, etc. 
have also been presented. Chapter-6 consists of summary and conclusions. 
In addition, scope of work for future is also presented. Appendices contain 
details of derivation of two-fluid equations from general three-dimensional 
equations, averaging methods etc. 
Chapter - 2 
Literature Survey 
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2.1 Introduction 
A detailed literature survey of two-phase flow which includes the 
hasic definition of two-phase flow, various models like sHp, mixture, two-
fluid etc. and their advantages, different problem areas in the modelling of 
two-phase like interfacial transfer terms, interfacial area etc., various flow 
regimes, maps and transition criteria have been presented in this chapter. 
Two-phase flow is a term covering the interacting flow of two phases 
(gas, hquid or soUd) where the interface between the phases is influenced 
by their motion. This chapter is concerned only with gas-Hquid and 
vapour-Hquid two-phase flows, which cover bubbly to churn to slug flow. 
Two-phase flow takes place in a wide range of industrial plants, 
boilers and nuclear reactors. The reqvdrement for economic designs, 
optimisation of the operating conditions and assessment of safety factor 
leads to the need for quantitative information. Increase in rating, 
competition in capital and operating costs and the importance of reUabihty 
and safety have accentuated this need in the last few decades. The solution 
of these types of problems may involve a large number of experimental 
investigations of a particular geometry, two-phase flow regimes and 
various optimisation techniques. 
Two-phase flows can be broadly classifies as vertical and horizontal 
flow. Among the vertical flows, we can have co-current upward, co-current 
downward, counter current flow with the Uquid flow downward and gas 
flow upward. The other possibiHty of liquid flow upward and gas flow down 
ward is not possible. 
In general, inclined flows are analysed as combination of vertical 
and horizontal flow. In this thesis, analysis and review is carried out for 
co-current upward flow. 
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2.2 Models for Two-Phase Flow 
Besides the different averaging methods [60-61] for developing a 
model, there are two fundamentally different formulations of the 
macroscopic balance equations for two phase flow systems. These are the 
mixture (or diffusion) model and two-fluid model. The mixture model is 
formulated by considering the motion of a two-phase mixture as a whole in 
terms of mixture momentum equation. The relative motion between 
phases is taken into account by a closure equation for relative velocity. The 
most important assumption associated with the mixture model is that a 
strong coupling exists between the motions of two-phases [62]. This 
implies that the mixture model is an accurate approximation to the two-
fluid model whenever there is a sufficient interaction time or length for 
two phases. This model may not appropriately describe certain two-phase 
problems involving a large acceleration of one phase, with respect to the 
other phase or a flow in very short tube. In these cases inertia terms of 
each phase should be considered separately by the use of two-fluid model. 
2.2.1 Mixture (or Diffusion) Models 
Depending on the form of the closure equation for the relative 
velocity and on the treatment of the thermal non-equilibrium between 
phases, a number of different mixture models have been proposed, i.e.. the 
homogeneous flow model, slip flow model and drift-flux models. In the case 
of homogeneous model, the phase velocities are assumed same i.e. shp 
{ujuj) is 1.0. However, it is an unreasonable assumption. In the case of 
vertical upward flows, due to buoyancy, sHp is always greater than 1.0 and 
more so in the case of high density hquid metals. However at high fluid 
velocity slip tends toward 1.0. 
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In the case of slip flow models, in addition to solving continuity 
equation of phases, combined momentum and energy equations, empirical 
relations based on experiment have to be provided with either for a or for 
slip. Depending upon the geometry, flow rates, fluids used, there are many 
empirical relations available in the literature [63-70]. Most of them are 
confined to steam-water or air-water flows. The main disadvantages of 
these models are, they are valid for specific system and likely to be invalid, 
when applied to different flows, geometries or operating at different 
ranges. Very httle work has been carried out for the case of liquid metal 
flows. 
J. Dounan et al. (1985) relation is based on air-water flows in the 
rectangular channels and they have developed models for both bubble and 
slug flow [71]. Serizawa and Michiyoshi relation is derived fi*om the 
experimental data fi-om light density Hquid metals (sodium and potassium) 
steam-water and air-water [72-73]. The empirical relations developed by 
them for slug flow predicted very low void fraction. Unger et al. (1986-87) 
have extended Serizawa and Michiyoshi (1973) and developed empirical 
relation for a as a function of fluid density ratio, Froude number of liquid 
metal flows and quaHty for steam-mercury upward cocurrent flow [74-76]. 
El-Boher et al. (1988) have developed an empirical relations based 
on experiments conducted in air-water, steam-mercury and steam-alloy of 
lead and bismuth and void fraction measured by them using quick closing 
valve method. The void fraction was expressed as a function of volumetric 
flow rate ratio, Froude number, viscosity ratio, Uqviid superficial Reynolds 
number and Weber number [77]. 
In the case of drift flux model, void fraction is expressed as a 
function of vapovu- and mixture volumetric flux, drift velocity and 
distribution parameters [78-83]. The main advantage of this model is, 
cross-sectional variation in the phase parameters like velocity, void 
distributions etc. can be accounted explicitly. Some of the weU-known drift 
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flux models are developed by Chexal et al. (1996) for steam-water, air-
water, hydrocarbon etc. for wide range of pressures, flows and void 
fraction. This correlation not only covers co-current upward flow but co-
current downward flow, counter current and also flows inclined to 
horizontal plane [84-861. However, there are no drift flux models developed 
for liquid metals. Since the thermal and transport parameters of the hquid 
metals differ widely from that of water (density, viscosity, surface tension 
wet-ability, conductivity etc.), we cannot use directly empirical relations 
based on water-steam or air-water. 
The main disadvantages of all these models are, the equations do 
not take into consideration explicitly the various flow regimes. They also 
do not account for different initial conditions (bubble size etc.). 
2.2.2 Two-Fluid Models 
Two-fluid models [60,79,87-931 are formulated by considering each 
phase separately in terms of two sets of conservation equations governing 
the balance of mass, momentum and energy of each phase. Since the 
macroscopic field is not independent of the other phases, the interaction 
terms, which couples the transport of mass, momentum and energy of each 
phase across the interface, appear in the field equation. For Uquid metal 
two-phase flows, Mond and Sukoriansky (1984), Eckert et al. (1993) have 
studied the flow by two-fluid model with multibubble assumption [94-95]. 
General three-dimensional two-fluid model is obtained by Ishii and 
Delhaye et al. by using temporal or statistical averaging [60-61,87,93]. The 
model is expressed in terms of two sets of conservation equations 
governing the balance of mass, momentum and energy in each phase. 
Since the average fields of one phase are not independent of the other 
phase, the interaction terms appear in the field equations as source terms. 
These are too complex for analysis. Hence based on these equations, one-
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dimensional two-fluid equations are derived. 
Previous studies have indicated that unless phase momentum 
interaction terms are accurately modelled, the advantage of the two-fluid 
model over the mixture model disappears and numerical instabihties arise. 
At least two transient forces, i.e., the virtual mass and Basset forces exist 
in addition to drag and interfacial shear forces [90,96-103]. However, these 
transient momentum interaction terms are important under rapid 
transient conditions and for numerical-stability problems [62,71]. In spite 
of existing shortcomings for interfacial transfer terms, there is no 
substitute available for modelling accurately two-phase phenomena where 
two-phases are weakly coupled. The two-fluid model can more easily 
analyse the non-equilibrium effects by using two sets of balanced 
equations. This model is even more useful in studying the mechanical non-
equilibrium effects, e.g., sudden mixing of two phases, transient flooding 
and flow reversal and rapid transient flow. Thermal non-equilibrium 
between phases can be analysed accurately by the inclusion of two-energy 
equations [60,91]. 
Another main advantage of two-fluid model is, it can take the flow 
structure expHcitly. In the riser of the LMMHD systems, the flow consists 
of bubbly, churn and slug as the void fraction varies from 0.1 to 0.8. Fig. 
2.1 shows the typical flow structure of the flow regimes discussed above. 
At higher velocities, annular flow occurs. In view of relatively low velocity, 
this flow does not occur in LMMHD system. Near the mixer, the flow is 
typically bubbly until the void fraction increases to around 0.25 to 0.3 [104-
114], where bubble coalesces. In the bubbly flow, the vapour or gas phase 
is distributed as discrete bubbles in a continuous Hquid flow. The bubbles 
may be small and spherical at one extreme and relatively large non-
spherical shape at the other extreme. With the increase in gas flow rate, 
the bubble density increases and a point is reached where the dispersed 
bubbles become so closely packed that many coUision occur and the rate of 
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agglomeration to larger bubbles increases sharply. This results in a 
transition to slug or churn flow. 
Depending upon the distance from the mixer and flow rate, the flow 
either become slug or churn. In the slug flow, the size of the vapour or gas 
bubbles is approximately the diameter of the pipe and is called Taylor 
bubble. The nose of the bubble has a characteristic spherical cap and the 
gas in the bubble is separated from the pipe wall by a slowly descending 
liquid film. The liquid flow is contained in liquid slugs, which separate 
successive gas bubble. The length of the main gas bubble can vary 
considerably. The Taylor bubbles and liqviid slug propagates at constant 
speed. 
The process of developing a stable slug near the entrance section 
can be described as follows: At the mixer inlet the gas and liquid metal 
introduced form short liquid slugs and Taylor bubbles as shown in Fig. 2.1. 
A short liquid slug is known to be unstable and it falls back and merges 
with the liquid slug coming from below causing it to approximately double 
its length. In this process, the Taylor bubble following the liquid slug 
overtakes the leading Taylor bubble and coalesces with it as the slug 
between the two bubble collapses. This process repeats itself and the 
length of Uqviid slug as well as the length of Taylor bubbles increase as 
they move upward in the riser until the liquid slug is large enough to be 
stable and forms a competent bridge between two consecutive Taylor 
bubbles. Between the inlet and the position at which a stable slug is 
formed, the liquid slug alternately rises and falls and this is precisely the 
condition for churn flow. As the bubble goes up, the length of the entrance 
region increases to the extent that it can occupy the entire length of the of 
any test section. Thus, one should think of churn flow as an entrance 
phenomenon. Since in practice the pipes are of finite length, it would be 
useful to provide some estimates of the lengths over which churn flow is in 
predominant mode. With this objective, Taitel et al. (1980), Buckler and 
23 
t 
Flow Direction 
OoO 
O o o 
oOo o 
o o 
Oo° 0 o 
0° 
o o'O O oo 
O A O 
% . 
o 
O Q 0 0 
Bubble 
Liquid 
t 
Liquid 
t 
OQO O ^ 0 
P)0 O 
^ oo 
'Taylor 
bubble 
Bubble 
in the 
liquid 
Slug 
Liquid 
Slug 
Bubbly Flow Churn Flow Slug Flow 
Fig. 2.1: Schematic of Bubbly, Churn and Slug Flow 
24 
Taitel (1987) have developed a method for calculating the entry length 
required to develop stable slug flow [109,112]. The distance from the 
entrance to that length will be observed to be in churn flow pattern. From 
this, we find that this dimensionless entrance length for churning depends 
on the void fraction and flow velocities [108-111]. 
When the distance from the mixer is less than certain length called 
'entrance length', the flow does not stabilises as slug instead becomes 
churn flow. This flow is formed by the breakdown of the large vapour 
bubbles in the slug flow. The vapour or gas flows in more or less chaotic 
manner through the liquid, which is mainly displaced to the channel wall. 
The flow has an oscillatory or time varying character; hence, the 
descriptive name, 'Churn' flow is given. These regions are also sometimes 
referred to as semi-annular or slug annular flow. In the churn flow, the 
liquid slug is too short to support a stable Uqviid bridge between two Taylor 
bubbles. The falling film around the bubble penetrates deeply into the 
liquid slug, creating a highly agitated aerated mixture at which point the 
Liquid slug is seen to disintegrate and to fall in a rather chaotic fashion. 
The Uquid re-accumulates at a lower level at the next slug, where the 
continuity is restored and the slug then resumes its upward motion. Thus, 
we observe the oscillatory motion of the liquid which, we consider the 
characteristic identification of churn flow. 
One of the important Links in the two-fluid model formulation is the 
closure equation for interfacial transfer terms. The difficulties arise due to 
the complicated motion and geometry of interfaces in a general two-phase 
flow. Furthermore, these equations should be expressed by the 
macroscopic variables based on proper averaging. As has been shown in 
detail [60,90-91], the interfacial transfer terms in a two-fluid model appear 
as averaging of local instant transfers of mass, momentum and energy. 
Because these terms appear as source terms in the basic equations, proper 
averaging alone is not sufficient to develop these basic equations. It is 
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essential to clarify different physical mechanism controlling these 
interfacial transfers as well as to identify important controlling 
parameters, which govern them. 
The interfacial transfer terms are one of the important aspects of 
the two-fluid formulation modelling. However, there exist considerable 
difficulties in this area both in terms of experiments and modelling. These 
terms in two-fluid models specify the rate of phase change; momentum 
transfer and heat transfer at the corresponding interfaces between phases. 
The interfacial transfer terms are strongly related to the interfacial area 
and to the local transfer mechanisms, such as degree of turbulence near 
the interfaces. The interfacial transport terms are proportional to the 
interfacial area concentration and to the driving force [60,90-91,114-117]. 
The interfacial area concentration is defined as the interfacial area 
per unit volume of the mixture and characterises the first order 
geometrical effect. Thus, it must be related to the structure of the two-
phase flow field. Since the interfacial area concentration is a parameter, 
which characterises the structure of a flow, its modelling should be based 
on the geometrical factor, void fi-action and flow. The approach applied by 
Ishii and Mishima (1984) tells that the interfacial area concentration is 
related to the geometry of the flow such as the bubble sizes, bubble 
number density, bubble shape factor, roughness of the interfaces and 
hydraulic diameter, as well as hydrodynamic parameters such as the 
amount of droplet entrainment and void firaction. 
When the flow transition takes place from bubble to slug or churn, 
the interfacial area is modified due to (1) coalescing of the bubble and (2) 
distortion of spherical bubble. Coalescing decreases the area whereas 
distortion increases. However, in general there is a net decrease in the 
interfacial area per luiit volume. 
A number of experiments have been carried out to estimate the 
interfacial area concentration. Among them are chemical absorption 
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technique [118-119] based on a pseudo-first order chemical reaction, light 
attenuation method [120-122] and photographic method [123-124]. The 
light attenuation method and photographic method require a flow channel 
with transparent walls. The optical Method have been reviewed and 
applied to obtain the data for bubbly flow by Veteau (1981) and Viteau-
Charlot (1980-1981). The local measurement of the interfacial area 
concentration is possible using a local probe method [125-126]. A double 
sensored probe [127-129] method has also been suggested. 
A further experimental study utilising these methods for measuring 
the interfacial area concentration and careful analysis of data and 
measurement techniques is highly desirable. Such detailed measurements 
of the local quantities of two-phase flow will greatly increase the 
understanding of interfacial transport phenomena, structure of two phases 
and regimes. For a churn flow the interfaces around the large bubbles 
become very irregular due to tiirbulent motions. Ishii-Mishima (1984) 
obtained the interfacial area concentration in bubbly and slug flow with 
the estimated small bubble size of 2.0 mm. It indicates that there is a 
drastic reduction in the interfacial area density when flow transitions take 
place between bubbly flow to slug or churn. In the case of the slug flow, 
interfacial area density depends also on void fraction in the slug [130-131]. 
Based on this analysis, Ishii, Zuber, Mishima and others have developed 
appropriate time averaged relations for drag force, virtual mass force etc. 
[90,96,100]. 
Thus, in two-phase flow systems, the void fraction and interfacial 
area concentration are two of the most important geometrical parameters. 
Since these two parameters appear in the balance equations as additional 
variables, two empirical relations should be supplied for void fraction and 
interfacial area. For the interfacial area concentration the relation may be 
given by functional relation or by a transport equation [60,91]. Thus the 
knowledge of interfacial area concentration is indispensable in the 
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modelling of two-fluid. 
In this thesis, the model developed by Ishii-Mishima (1984) for 
interfacial drag and virtual mass force has been used [91]. Taitel-Bornea-
Duckler (1980) criteria for flow transition are assumed [109]. 
Chapter - 3 
Two-Fluid Flow 
Modelling 
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3.1 Introduction 
In general, the two-phase flows obey extremely comphcated three-
dimensional time dependent conservation equations for mass, momentum 
and energy for each phase and they are not amenable for direct solution 
[60,91-921. Appropriate assumptions have been made to simplify these 
equations. The details are presented in Appendix-1. The following quasi 
one-dimensional steady state two-fluid model, which explicitly takes into 
consideration vapour momentum equation, has been used for the 
calculation of liquid metal and vapour/gas velocities, vapour/gas density, 
void fraction and pressure distribution in the riser. 
3.2 One Dimensional Steady State Two-Fluid 
Equations 
Continuity equation: 
The continuity equation for liquid metal and vapour phases are 
given by 
PjUj(l-a)A = ihj (3.1) 
p^u^aA-m^\ (3.2) 
Where /?/ and p^, are the densities of Hquid metal and vapour, m/ 
and m^ are the mass flow rates of hquid metal and vapour, a is the area 
averaged void fraction and A is the cross sectional area of the pipe, uj and 
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Uy are the void weighted area-averaged velocities of the hquid metal and 
vapour/gas as defined in appendix-1. 
Combined two-phase momentum equation: 
d(C u ) d(C ,u,) 
± {ap^^(l-a)p^}g-[^ fr 
(3.3) 
Where r is the distance fi*om the mixer exit, g is the acceleration 
due to gravity and P is the pressure. Physically, C\,^, and Cy,/ represent 
the effect of the cross-sectional variation of the void and velocity on the 
area averaged velocity of vapour/gas and Hquid phase respectively [82]. In 
the case of high-density Uquid metal and for large pipe, these coefficients 
are assumed to unity. This is justified because the empirical equations for 
FD and f ( ^ are based on the actual experiments in the different diameter 
pipes and thus indirectly cross-sectional variations are included in them. 
Only, when the pipe diameters are very small (narrow pipes) then we have 
to include appropriate values of C\^. and C /^ in the equations. The last 
term is due to wall friction. There are many methods of determining 
finctional pressure drop [79,81,131-133]. 
Friedel developed empirical relation to determine the two-phase 
flow fi*ictional pressure drop based on the experimental values [132-134]. 
In this method (dP/Jz). is expressed as a product of pressure drop 
assuming the entire flow to consist of Uquid metal only and then multiply 
with two phase multipHer term (/^l^, to account for two-phase flow as given 
below. The two-phase multipHer is a function of many parameters like 
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quality, density of each phases, viscosity, surface tension, Froude and 
Weber number of liquid, firiction coefficient etc. 
(3.4) 
where {dP/ct)^i^ is the frictional pressure drop with the entire flow 
consisting of liquid metal and is determined as follows: 
(3.5) 
where //^ is the friction factor with liquid properties and D is the 
diameter of the pipe. 
^lo is determined based on Friedel empirical relation as follows: 
^l={j-xy+x^ 
'0.78 
'p/Y/v„' 
\ V A lo J 
+ 
3.24(X''"'(1-Xf-^'*) 
( ^0.9 If ^0.19 
_7 
p ^ \- I J 
J Q . l 
p-OMS y^rO.035 
(3.6) 
where 
F,= 
gD pf 
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^e = 
G^ D 
A = PlPv t Xp^^(l-X)p^ 
(rh,+m ) 
G= ' , ^ A 
and quality (X) can be expresses as 
m 
X = (m +m, ) 
' V / ^ 
// is the viscosity, I is the surface tension and /vo is the friction 
factor with entire flow having vapour properties. 
flo is determined based on Colebrook equation [135] as follows: 
V-^/o 
= - 2.0log 2.51 
3.7 D N Re -^ho 
(3.7) 
where € is the internal surface roughness factor of the pipe and 
N'fig is the Reynolds number of the flow in the pipe. Similar equation is 
used for determining /vo • 
Friedel Correlation is vaHd for wide rsmge of vertical upward and 
horizontal flows. The comparison made by Friedel between his data and 
the predictions of the above correlation. The standard deviation was about 
40-50 % for two-component flow. 
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Recent evaluations have led to the following recommendation with 
respect to the published correlations (Whalley 1980): 
(1) For Milf^v <1000, the Friedel correlation. 
(2) For /////^v > 1000 and m, > 100, the Chisholm (1973) correlation. 
(3) For ^i/uv > 1000 and m/ < 100, the Martinell correlation [136-1371. 
Since the ratio of liquid to vapour/gas viscosity of typical liquid 
metal flow is less than 1000, Friedel correlation is used. 
Momentum equation of the vapour: 
P " 
d(C u ) (3.8) 
Where V^ is the average bubble volume. Fj) and F j ^ are the 
interfacial drag force and virtual mass force respectively. Appropriate 
approximations are made in the development of this equation and are 
presented in the appendix-1. 
Since the typical ratio of liquid metal to vapour flow rates in a 
LMMHD PC is arovmd 10^ to 10^ the liquid metal acts as a huge reservoir 
and the temperature drop in the riser is few degrees Celsius only. In view 
of this, energy equation is not explicitly solved and temperature is 
assumed constant in the riser. However, the temperature in the separator 
is determined from energy balance and by taking into accoimt heat losses 
in the wall of the pipe. 
When the vapour flow rate is relatively large and if significant 
losses occur through pipe walls, then we have to solve the energy equation 
as given in the appendix-1. 
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Equation of state of the vapour: 
Py= PjP'T) (3.9) 
Where T is the temperature of vapour/gas. Non-ideal gas effects 
have been taken into account for determining density as a function of 
pressure and temperature of the vapour [139]. 
3.3 Interfacial Momentum Transfer Terms 
3.3.1 Drag Force 
By neglecting the lift force due to the rotations of the bubble and the 
diffusion force due to the concentration gradient, we can model the 
generalised drag force for a dispersed phase in the following simple form: 
The standard drag force acting on the bubble under steady state 
conditions can be given by in terms of the drag coefficients based on the 
relative velocity as [78,90,96] 
D = - 2 ^ D ^ / ^ ^ ^ u (3.10) 
or (3.11) 
where Aj is the projected area of a typical bubble and u^ is the 
relative velocity given by u^ =Uy-ui. Since the flow structure differs 
drastically for bubble, churn and slug, the appropriate A^j also differs. As 
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explained in Chapter-2, when the flow transition takes place from bubble 
to slug/churn, drastic change takes place due to coalesces of the bubble in 
the Aj. Due to the bubble size distribution and deviation from the 
spherical shape, appropriate relation is required to determine effective A^. 
The following various types of mean radii of the bubbles are defined in 
order to express A^ [90,91]. 
Sauter mean radius: r =^~- (3.12) r 
sm 
'D-
3V 
- b 
A 
Drag radius: r., = -—^ (3.13) 
Volume equivalent radius: r = 
Surface radius: r = 
s 
(3V V 
47t 
fAA^2 
i_ 
, 47r 
V J 
(3.14) 
(3.15) 
Where r^ is the Sauter mean radius of bubble, which is defined as 
' sm 
volume to surface area of the bubble. Drag radius is the radius of a bubble 
when surface area is equivalent to the projected area cross-section of the 
bubble of radius rg„. Aj is the surface area of a typical bubble. For 
spherical and imiformly distributed bubbles the above-defined radii are all 
equivalent [123]. 
The number density of the bubbles can be determined as follows: 
N =^ d V 
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(3.16) 
and the total interfacial area per unit volume, oy, is given by 
a =N.A 
I a I 
(3.17) 
Using the relation given by equations (3.12-3.15), A, can be obtained as, 
3a 3a 
a = = — 
' r r 
sm V 
r 
3a 
D 
D 
r 
\ sm J 
(3.18) 
The above equation shows that the interfacial area is a function of 
the void fraction, bubbles size and shape factor defined by r^/rj^ . The 
bubble size can be replaced by number density and a. So, Oj can be 
expressed as 
a- = (36TT ) ' 
r 
\ sm J 
Nja^ (3.19) 
In view of lack of information about the shape factor, in our 
analysis, we have taken this factor as 1.0. The slug and churn flow regimes 
occur at an intermediate range of flow as transition regimes between a 
dispersed flow and a separated flow. In the case of slug flow, the time 
averaged void fraction is related to Taylor bubble as well as bubbles in the 
Uquid slug. By assvuning that the ratio of length to the diameter of a large 
slug bubble is much larger than 4, and the ratio of the slug bubble 
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diameter to the pipe diameter is approximately 0.88 as assume by Ishii et 
al. [91,117], the interfacial area is given by 
a. = 
4.5 ^ a-a ^ 
' D 1-a gs J 
3a 
+ • gs 
sm 
1-a 
1-a gs 
(3.20) 
where Og^ is the void fraction in the liquid slug. The first term on 
the right hand side of the above equation represents the contribution of 
large slug, whereas the second term represents the effect of small bubbles 
in the liquid slug section. The relative importances of these two terms are 
shown in Fig. (3.1) [83,91]. This figure shows characteristic of interfacial 
area concentration in bubbly and slug flow with the estimated small 
bubble size of 2.0 mm. It indicates that a, increases linearly with the void 
fraction in the bubbly flow if the bubble size is constant. In slug or churn 
turbulent flow the effect of the small bubbles in the liquid slug is very 
important. This is shown parametricaUy for cases of a^^ =0 , 0.1, 0.2 and 
0.3 where Og^ is the small bubble concentration in the Liquid slug. By 
changing Ogg from 0.0 to 0.3, the interfacial area can be increased by a 
factor of 2 to 8. On the other hand, the interfacial area concentration is not 
a strong function of a , if Og^ is constant. For a bubbly flow a = Og^ and the 
first term drops out and one obtains the standard form of a, - Sajr^^ . 
For a churn-turbulent flow the interfaces around the large bubbles 
become very irregular due to turbulent motions. In order to take account of 
this effect, a roughness parameter Q, , which is the ratio between rough 
bubble surface area to the smooth bubble surface area, is introduced to 
modify the above equation by [91,117]: 
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Fig. 3.1: Characteristic change of interfacial area concentration 
in bubbly and slug flow 
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4.5 C ( 
a^ = 
CI 
D 
a-a 
'^•^  
V 1-a g" J 
3a 
^'•v 
sm 
1-a 
1-a g'< •' y 
(3.21) 
where C^t is greater than 1.0. However, the interfacial area 
concentration seems to decrease in churn-turbulent flow due to increased 
coalescence in the liquid film and slug section. In other words, Q , acts to 
increase a,, but a decrease in Og^ will reduce overall value of a . Due to 
the non-availabOity of accurate C'^ , values in our model, we have assumed 
Cct =10 for chum flows. 
In two-phase flow system, the void fraction and interfacial area 
concentration are two of the most important geometrical parameters. Since 
these two parameters appear in the balance equation as additional 
variables to the basic variables, two closure relations should be suppUed 
for void fraction and interfacial area concentration. 
The important point is that the averaged drag force should be 
related to the averaged local relative velocity (u,.) given by 
(3.22) 
and not to the difference between the area averaged mean velocities of the 
phases given by 
^ , = « ^ » - « « / » (3.23) 
In general, {u^ )'^Ur- The difference between these two relative 
velocities can be very large in narrow pipe. The reason is that in one-
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dimensional formulation, the slip, u , between two phases is caused by 
two completely different effects; i.e., the local relative motion and integral 
effect of the phase and velocity distributions. The existence of these two 
effects are already well known [91,111], The first effect is the true relative 
motions between two-phases at a local point. The second effect of the 
distribution arises due to the area averaging. 
Based on the drift flux model formulation it can be shown that the 
approximate expression for (w^  > is given by 
U -U,=—Z (U -CgU.) 
V / i-fx ' V o r 
(3.24) 
for bubbly, churn and slug flows. 
The expression for drag force with equation (3.24) compensates for 
the slip due to the distribution of the phases and velocities. In most two-
phase flow systems, the slip due to the distribution of phases is much 
greater than the local slip between phases. Therefore, in the case of narrow 
pipes neglecting the above mentioned effect will lead to large errors in 
predictions of the void fraction and velocities in bubbly, slug and churn-
turbulent flow regimes. 
The above relation (equation 3.24) is more appropriate for 
determination of relative velocity when the flow satisfies the following 
conditions as suggested by Ishii et al. [91] 
a 
J ^ \(p^-Pj)gD 
h 
Xo and 
> a-0.1 
(3.25) 
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This criterion is valid when the tube diameter is relatively small. The 
empirical correlation for (Q [82,90] for a fully developed flow of round tube 
is given by 
C^ = ].2-0.2 (3.26) 
For large pipes, however, we have CQ = 1.0. 
The drag force after accounting for the interfacial area concentration 
and phase distribution and further assuming r^/rj) as 1.0, has the 
following form: 
a.Vj C^ p. T 
(3.27) 
Drag Coefficients 
The drag correlations for single bubble depend not only upon the 
flow regimes but also the nature of the bubble. Therefore, for a 
multibubble regime, these differences are also expected to play an 
important role in determining the drag correlations [139]. In our case, the 
actual flow evolves from multibubble to chum to slug flow along the riser. 
Regimes 
Multibubble 
Churn flow 
Slug flow 
CD = 
Drag Coefficient (Co) 
4 \g( Pi-Pj 
3 'D A Y 
/ 
1 + 17.67 (l-ay 
18.67 (1-a)" 
5, 
C^=9.S{J-ay 
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The above correlations show that the drag coefficient increases with 
increasing void fraction of the bubble in the multibubble regimes. This is 
due to the effect of other bubble on the drag force through the deformation 
of the flow fields. On the other hand, in the churn or slug flow regimes, 
drag coefficient decreases as void fraction increases [91,100]. 
3.3,2 Virtual Mass Force 
The virtual mass force for multibubble regime is given as follows 
(see Appendix-2): Since the flow is not the critical flow, the virtual mass 
force is found to be two to three orders less than the drag force and the 
flow was insensitive to the virtual mass force [141]. In view of this the 
same relation is used for all regimes [78,96,100-103,140,142-144]. 
(3.28) 
where u^ and w, are vapour and liquid metal velocity respectively. V^ is the 
average bubble volume. 
3.4 Flow Classification 
Classification of flow structure is determined based on Taitel et al. 
(1980) [109] as follows: 
For void fraction {a) less than 0.25, the flow is assumed to be in the 
multibubble regime. Beyond that, the flow is chiirn-turbulent or slug 
depending upon whether r is less than the entrance length " If" or not 
/f is defined as 
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(3.29) 
3.5 Equations for Numerical Computation 
The procedure to arrive at the final working equations fi*om basic 
quasi one-dimensional steady state equation is not so simple. First we 
differentiate the equations with respect to z and then eUminate some 
terms and after rearranging we can get the derivative of Uy and w/. The 
details of the derivation of fluid equations used for solving numerically are 
given in Appendix-3. 
The following differential equations in w/ and u^ are obtained. 
U Fn Cp dA 
^v^ r aA dz 
b J 
c 
\ 
\l-a)p^u^+C^^Pju} 
dUj c 
D P.^^t^^l 
dz c....p,uA n > SVMPI\\ (l-a)SvMPl\ 
= y/ 
+ 
'y J 
^VMPI'' 
C 
.i(I-a)p^u^+C^.^p^u^ 
(3.30) 
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dz ~ 
u, 
C 
Pvg + 
Fj) _C py dA 
Vh aA ± 
2 
U/ a C 
Pv 
V C 
¥ 
(3.31) 
or alternatively, 
du 
V _ 
dz 
b J 
{(J-a)p^u^ + C^PlUj (3.31') 
Once Uf and u^. are obtained by solving the above coupled equations 
numerically, a, p^and P are determined from the hquid continuity, 
vapour continuity and equation of state as follows: 
(3.32) 
m 
P = 
^ u a A 
V 
(3.33) 
• ^ = A ^ > (3.34) 
The separator entrance pressure is determined from the solution 
obtained from the above equations as follows 
44 
(3.35) 
Where Pj is the mixer exit pressure. 
Because of the large thermal capacity of the Uquid metal and low 
mass flow rate of the vapour, the overall drop in temperature is very small 
(< 3 °C). Hence, the temperature drop is determined at the exit of the riser 
from energy conservation by assuming an isothermal expansion of vapour. 
The separator temperature is determined as follows: 
(3.36) 
Since the flow rate of Uquid metal is very large (>10^ times), change 
in the heat content of vapour mass is neglected in the denominator of the 
above equation. C^/ is the specific heat of the Uquid metal. 
3.6 Diameter of the Bubble in Mixer Distributor 
In order to solve the fluid equations in the riser, initial average 
bubble size at the exit of the mixer distributor is required. Depending upon 
the flow rate of the vapour and mixer holes, either bubble flow or jet flow 
takes place near the exit of the distributor. The jet consists of large, closely 
spaced irregular bubbles with swirling motion. These bubbles disintegrate 
into smaller ones of random distribution. No detailed studies have been 
carried out for Uquid metal-vapovir flows to study bubble size distribution. 
In view of this, average bubble diameters for various vapour flows have 
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been determined by using Kumar et al. (1976) relations as given below 
[145]. 
D^ = L56[N0^05') (Pl-Pv)g 
114 
for / < A^^ ^ < 10 (3.37) 
D^=0.32[N0^^>) 
(Pl-Py)S 
14 
for 10 < N^^ < 2100 (3.38) 
I,D1 D.^iooiN-J^-^-.^:^^ 
\ Re (Pl-Py)g 
14 
for 4000 < N^^ < 70000 (3.39) 
Where D^ is the bubble diameter and Nj^g is the vapour Reynolds 
number at the orifice. 2"/ is the surface tension of the Uquid metal, g is 
the acceleration due to gravity and Df, is the orifice diameter. The first 
and second equations predict increasing bubble diameter with A^^^ ,^ while 
the third predicts monotonically decreasing bubble diameter. Since no 
equation is available between 2100 and 4000 of A^^ ,^ equation (3.39) has 
been vised in this range also. 
3.7 Initial Conditions 
For given geometry and flow rates of Uquid and vapovir, the 
following values are to be specified at the mixer exit: 
• Pressure 
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• Temperature 
• Diameter of the holes of the mixer distributor 
• Slip 
From the vapour flow rates and mixer holes, bubble diameter is 
calculated using eqns (3.37-3.39). From pressure and temperature, vapour 
density is determined. From the flow rates and sUp values, initial liquid 
and vapour/gas velocities are determined using continuity equations. 
Using these initial values for a given A z {AzjD » 1/7), the values of all the 
variables are calculated by marching method. 
3.8 Numerical Solution 
The final equations for w/ and w,, [eqns. (3.30) & (3.31)] are solved 
by 4* order Runge-Kutta method starting from mixer exit with 
appropriate initial conditions [146]. 
A computer code has been developed for solving these equations 
(along with entire loop) in Fortran-90 language. 
Studies have been carried out to determine the sensitivity of the 
initial slip value taken. It was found that, except near the initial region 
(few lengths of A:), the values were independent of initial shp values. 
This analysis is presented in Chapter-5. 
The numerical solution did not exhibit any instability. When a was 
above 0.8, the step length was reduced by a factor of 10. For a riser of 25 
m, with a diameter of 0.35 m and a step length of 0.05 m, the computer 
takes ~7 second for obtaining the solution in a Pentium PC of 166 MHz. 
Chapter - 4 
Experimental 
Validation of the Model 
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4.1 Introduction 
In chapter 3, two-fluid model suitable for predicting various parameters 
in the riser of the LMMHD PC has been developed. In order to validate the 
model, it is essential to compare the predicted values of the model with that of 
the measured one. 
Experiments have been performed at Bhabha Atomic Research Centre in 
a nitrogen-mercury hquid metal magnetohydrodynamic (LMMHD) gravity type 
facility working at ambient temperature. Measured pressure and void fraction 
values have been compared with predicted values for different nitrogen and 
mercury flow rates. The details are presented in this chapter. 
4.2 Experimental facility 
Nitrogen and mercxiry are suitable fluids for carrying out experiments in 
view of their similar properties with that of steam and lead/lead alloys, which 
have been proposed for commercial LMMHD PC (see Table-4.1). Schematic of 
the experimental facility is shown in the Fig. 4.1. 
TABLE-4.1: Properties of thermodynamic and electrodynamic fluids 
Parameters 
Density 
Electrodynamic fluids 
(ks/m^) 
Electrical Conductivity (S/m) 
Svurface Tension 
Viscosity 
Viscosity 
(N/m) 
(kg/ms) 
Mercury 
30 °C 
1.855 X 104 
1.016 X 106 
0.472 
0.155 X 10-2 
Lead 
~ 400 °C 
1.050 X 104 
1.020 X 106 
0.462 
0.2141 X 10-2 
PbBi 
~200°C 
1.05 X 104 
1.058 X 106 
0.402 
0.2137 X 10-2 
Thermodynamic fluids 
(kg/ms) 
Nitrogen 
~ 3 0 ° C 
1.67 X 10-^ 
Steam 
~400°C 
2.48 X 10-5 
1750-
405 0l 
O O 
PRESSURE 
GAUGE 
c i > = 
ROTAMETER 
1422 
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1— Mixer 2 - Riser 3 - Separator 4— Downcomer 
5 - Transitional pieces 6 - MHD generator Sc Magnet 
7 - Dunnp tank 8 - Nitrogen cylinders 
Fig.4.1: Schematic of the nitrogen —mercury 
LMMHD experimental facil i ty 
(Dimensions are In mm) 
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The system consists of mixer, riser, separator, down comer, MHD flow 
meter (in these experiments MHD generator is used as MHD flow meter to 
measure the flow rate of the mercury) and diffusers connected at both the ends 
of the MHD flow meter. 
The mixer is made of stainless steel of 0.35-m length and internal 
diameter of 168.0 and includes 0.15 m of nozzle connecting the riser pipe (see 
Fig. 4.2). It also consists of a pair of horizontal pipes 20 mm NB, having in each 
30 holes of 1.4 mm diameter distributed equally along the distributor length 
confined to the top half only. The numbers of holes were decided such that the 
pressure drop in the distributor is less than 0.005 bar. 
Both riser and downcomer pipes are made up of stainless steel of internal 
diameter 79 mm. Pressure transmitters have been installed at four locations 
along the riser pipe (0.64, 1.93, 2.69 and 3.48 m). At locations 1.1 and 2.8 m 
above the mixer, a gamma ray source along with the detector system was 
installed for measuring void fi-action profiles using the gamma ray attenuation 
method [55]. 
Separator is a 1750 mm long cylindrical pipe made of stainless steel with 
internal diameter of 400 mm. Riser and downcomer are connected to the bottom 
of the separator with the separation of 1422 mm. 
The MHD flow meter is made up of stainless steel with rectangular cross-
section (20 mm X 70 mm) for the flow. The inner and the outer surfaces have 
been epoxy coated. Teflon sheets of 3 mm have been used as insulator walls. 
Electrodes are made up of copper blocks and are inserted in the stainless steel 
channel through rectangular slots. The inner svirfaces of the electrode, which 
come into contact with mercury, have been chemically treated so that there was 
a perfect contact with mercury and the electrodes. A water-cooled electromagnet 
of iron core was used for obtaining magnetic field intensity up to 0.60 T. 
At both the end of the MHD generator, diffusers of 148 mm length made 
up of Teflon enclosed in a stainless steel pipe have been fixed. These two 
diffusers provide a smooth transition firom circular to rectangular cross-section 
and vice versa for merciu^ flow thus reducing the pressure losses. 
50 
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Fig.4.2: Details of the mixer 
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Experiments have been carried out for seven flow rates as shown in 
Table-4.2. The corresponding mass fluxes are also presented. The bubble 
diameter of the nitrogen gas at the mixer distributor exit, based on the Kimiar 
et al. (1976) model have been calculated and are summarised in the Table-4.3. 
The nitrogen mass flow rates is determined by measuring volumetric flow rate 
(rotameter) and pressure (which gives the density) at the outlet of the 
rotameter. 
TABLE-4.2: Flow rates and mass fluxes of nitrogen and mercury 
(kg/s) 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
(kg/sm^) 
0.13 
0.27 
0.52 
0.98 
1.47 
1.88 
2.30 
rill 
(kgJs) 
26.4 
28.9 
35.3 
43.0 
48.0 
54.8 
58.6 
Gi X 1 0 ' 
(kg/sm^) 
5.52 
6.05 
7.39 
9.00 
10.05 
11.47 
12.26 
TABLE-4.3: Effective bubble diameter for various gas flow rates 
(Dh =1.4 mm) 
m^xlO'ikgJs) 
0.6 
1.3 
2.5 
4 7 
7.0 
9.0 
11.0 
A (^^) 
7.8 
10.2 
7.4 
5.7 
4 8 
4 4 
4.0 
Mercury flow rate is determined from measuring open circuit voltage, 
apphed magnetic field and applying appropriate correction for end effect as 
foUows: 
52 
« = ^ r ^ ^ (4.1) 
end 
where K^^ is the correction factor for end effects, H' is the width of the 
flow meter, B is the magnetic field intensity and Vop is voltage in open circuit 
condition. For the MHD generator of aspect ratio 2.14, the K^ value is 
determined to be 0.9. This is based on numerical solution of potential 
distribution in the MHD generator, which includes the end effects [30]. 
m h. = p,uwh (4.2) 
For our facility, we have 
w = 0.02 m 
h = 0.07 m 
Thus we get. 
m, = 1.9u (kg/s) 
The flow was mainly bubble and ch\irn at the measurement location of 
the void fi*action. The flow regime has been summarised in Fig. 4.3. We see that 
flow is bubbly for flow rates 0.6 g/s to 2.5 g/s and becomes churn for 7.0 g/s to 
11.0 g/s at both measurement locations. But in the case of 4.7 g/s, the flow is 
bubbly at 1.1 m fi-om the mixer and becomes chum at 2.8 m fi*om the mixer exit. 
For our flow rates, Taitel-Bornea-Duckler classification (1980) does not predict 
slug flow in the entire length of the pipe [109]. 
4.3 Method of void fraction determination 
The schematic of the measurement system used for void fraction profile is 
shown in Fig. (4.4). Co of activity 2775 MBq was used as gamma ray source 
and 1.33 MeV photons were chosen for measurements. The selection and 
activity of the source were based on the experiments conducted earUer [57]. 
Radioactive source was placed in a lead container and a 3 mm diameter 
Fig. 4.3: Flow pattern map along with experimental points 
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collimated beam was obtained. The source was shielded in all other directions 
by choosing a proper shielding thickness of the container so that the surface 
does not exceed 0.025 mSv/h. Between the source and the flow system, a lead 
block of thickness 51 mm with a central hole of diameter 4 mm was used to 
obtain a coUimated narrow beam. A similar type of the lead block was also used 
between the flow system and the detector to prevent the secondary radiation 
from reaching the detector. The detector unit consisting of a NalfTlJ 
scintillator, photo multiplier tube and pre-amplifier was connected to a gamma-
ray spectrometer. The source and detector were mounted on a horizontally 
movable platform so that gamma ray beam could pass through various chord 
lengths of circular cross-sections of the pipe at the given height of the riser pipe. 
The pulse height analyser was so set that only 1.33 MeV energy gamma rays 
were counted. 
The measurements were taken at different chord lengths corresponding 
to the counts when the pipe was filled with nitrogen only, mercury only and 
during two-phase flow. Nitrogen is introduced into the mixer from the header at 
5-6 atm pressure. A two-phase is estabhshed in the riser and gives rise to a 
density difference between the riser and the downcomer. The density difference 
creates a pressure difference and hence the Hquid metal is circulated in the 
loop. Nitrogen is separated and bubbled out to the ambient through a water 
tank. Mercury alone flows through the downcomer. 
Since void fraction varies across the cross-section of the pipe, to 
determine averaged void fraction, void fraction profiles should be determined 
which is a function of radial distance. This was determined as follows: 
The cross-section of the pipe in which two-phase flow takes place was 
assumed to have a number of circular zones having uniform void fraction in 
each zone as shown in Fig. (4.5). Thus even though the void fraction is 
continuously varying radially, the whole region is discretised into a finite 
niunber of zones of different void fractions as shown i in figure and radial 
symmetry is assumed. Assuming 'm' circu|ai>-'^nes wi tR-^v^ fractions 
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aj,02,0$, oI ffffj which is to be determined . Let Pi,P2>Pi^ A- -A/ 
be the measured void fractions at various chord lengths. In actual 
measurements the number of discrete zones assumed depends upon the beam 
size and the number of measurements [148]. Then we have 
m d 
p = Z-^a (4.3) 
Where c, is the total path length for the gamma ray at the /"" chord 
length and d^^ is the length of the j " ' zone intercepted by the gamma ray beam 
at the /* chord length measurement, d^^ is zero when the chord length does nor 
intercept a zone. P/^ values are obtained from measiored gamma-ray intensities 
at the /* chord with vapovir/gas alone U,g), with liquid metal alone (/,/) and 
when two-phase flows are present (/,,) and is given by 
{'u .^/) 
A = > '" "• \ (4.4) 
HI I J 
Let E be the error fimction defined as follows 
2 " ^ ^ d W'-r^it' (4.5) 
The minimisation of the function 8^ with respect to the m parameters of 
aj,02,03, a J a „ gives a set of 'm' linear equations. Using the measured 
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values of fii, P:. P3 P,,••,••,P„ , the radial profile of the void fraction values of 
aj,a2M3 Oj «OT was obtained. 
In a typical experiment, the number of chord chosen was 38 with 2 mm 
spacing and 7 zones were assumed. From the void fraction profiles, the area 
averaged void fraction was determined. The beam diameter (3 mm) was chosen 
so that finite beam errors were negligible [561 besides obtaining a large number 
of zones. Numbers of counts were taken in excess of 6000 for every 
measurement so that statistical fluctuations were negligible (1.5 %) [1491. In 
addition, dynamic void fluctuation corrections were estimated to determine 
error range in the analysis [571. 
4.4 Measured void fraction profiles 
As mentioned earlier, void firaction profiles were measured at the 
locations 1.1 m and 2.8 m from the mixer exit, which correspond to ^ = 13.9 and 
35.9 respectively (^  is a dimensionless number given by r D). For low nitrogen 
flow rates and the corresponding mercviry flow rates, the void exhibited 
oscillating profile as a function of radial co-ordinates at both locations as shown 
in Fig. 4.6. Also there was a significant asymmetry between the left and the 
right profiles. In view of this, spread in the void profile is not explicitly shown in 
the figure. Further, the flow does not appear to be fully developed in view of low 
volumetric flow rates [1501. However, at flow rates above 4.7 g/s, the void profile 
exhibited monotonic variation with maximum value at the centre. In Fig. (4.7), 
void profiles measured at locations 1.1 m and 2.8 m have been plotted for 
various nitrogen flow rates above 4.7 g/s. The bars show variation in the right 
half and left half-void values. Further, it was found that at 2.8 m, the profiles 
were found to be more symmetric with respect to the right and left side as 
compared to those at 1.1 m data. This could be due to the absence of cylindrical 
symmetry in the mixer distribution and also due to the entrance effiect at 1.1 m 
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Fig. 4.7: Measured void fraction for higher flow 
rates at two location In the riser 
(a) z = l . 1 m (b) z=2.8 m 
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distance. From the profiles of the void fraction, area averaged void fraction was 
calculated 
The error range in the void values estimated to be around 15% is based 
on the repeatability, difference in left and right side measurements, dynamic 
fluctuations, error in the Hquid metal and gas flow rates. 
The slip values were calculated from the measured void fraction, flow 
rates of gas and liquid metal and pressure using the following relation obtained 
from mass conservation equations of the fluids: 
S = ^ L . j ] (4.6) 
Two-fluid model equations have been solved for the measured fluid flow 
rates. The solutions were found to be insensitive to initial input value of slip. 
Within few inches from mixture exit, the values were independent of initial slip 
value. In view of this, a typical value of 1.5 was specified at the entrance. Based 
on this value and inlet pressure, initial void fraction, velocities, densities etc. 
have been determined. When the flow was churn, the value of void fraction in 
the Uquid slug has been taken as 0.25 (see eqn. 3.20). However, we find that 
except when Og^ <0.05, the predicted values are insensitive to this value. 
For the geometry and flow rates, due to large diameter and high density 
of mercury, 'narrow pipe assumption' is not applicable for this system except at 
very low flow rates and near the mixture entrance as shown below: 
a<I/Co and 7„ ^ — - > a - O.I 
where C, = 1.2-0.2^pjp^ ^ 1.2 
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For. the parameter corresponding to our system, ('„ is 1.2 and hence 
criterion-1 is satisfied for all the flow rates (a < ().H3J. However, the criterion-2 
depends upon the location and flow rates. Based on the measured values of 
jg,Pg,a (at location 1.1 m), it was found that for 0.6 g/s and 1.3 g/s gas flow 
rates, this condition is satisfied near the initial region of the riser. However, for 
rest of the flow rates, this criterion is not satisfied for entire region. 
Since the above criteria are based on the experiments carried out with 
other fluids (of low-density liquids) and geometry, the validity of these 
conditions for nitrogen-mercury flow has to be verified. In view of this, analysis 
has been carried out both without (Cy,^,=Cyg =1.0) and with cross sectional 
effects. The predicted void fi"action and pressure profiles for various flow rates 
have been summarised in Fig. 4.8a, which corresponds to no cross-sectional 
effects and Fig. 4.8b, which includes the cross-sectional effects [147]. 
4.5 Comparison of calculated and measured void fraction 
The measured void fi-action and slip along with the predicted values 
without and with cross sectional variation effects are summarised in Table-4.4. 
In general there is not much difference between the two cases. However, the 
void fraction is less when cross-sectional variations are included (since 
corresponding slip values are larger). The maximum deviation between the 
experimental and the theoretical values is around 10% without cross sectional 
effect and is around 20% when cross-sectional effects are included. 
Calculated slip value based on the experimental void fraction for 4.7 g/s 
at X = 1.1 m is around 1.0, which is low and can be attributed to experimental 
error in void fi-action measurement. The corresponding deviation between 
experimental slip and predicted value is 20 % without cross-sectional effect and 
50 % when cross-sectional effects are included. There is a deviation of 33 % at 
2.5 g/s flow rate between experimental slip and predicted value when no cross-
sectional effects are included. For the rest of data the maximum deviation is 10 
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% without cross-sectional effects and 33 % when cross-sectional effects are 
included [147]. 
TABLE-4.4: Comparison of experimental void fraction and slip with 
the theoretical models 
(kg/s) 
2.5 
4.7 
7.0 
9.0 
11.0 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
m, 
Ofg/s) 
35.3 
43.0 
48.8 
54.8 
58.6 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
a 
0.11 
0.18 
0.23 
0.27 
0.30 
0.06 
0.10 
0.17 
0.25 
0.31 
0.36 
0.40 
acs 
Z = 
0.10 
0.16 
0.20 
0.23 
0.26 
a 
(exptl) 
l . l m 
0.15 
0.20 
0.25 
0.29 
0.32 
Z = 2 .8m 
0.05 
0.10 
0.15 
0.23 
0.27 
0.31 
0.35 
0.03 
0.07 
0.18 
0.26 
0.31 
0.36 
0.40 
S 
1.3 
1.2 
1.2 
1.2 
1.1 
1.4 
1.3 
1.2 
1.2 
1.2 
1.2 
1.1 
Scs 
1.5 
1.5 
1.4 
1.4 
1.4 
1.6 
1.6 
1.5 
1.5 
1.5 
1.5 
1.5 
S 
(exptl) 
1.2 
1.0 
1.2 
1.1 
1.2 
1.8 
1.1 
1.8 
1.3 
1.5 
1.6 
1.4 
cs: cross-sectional variations accounted. 
4.6 Comparison of calculated and measured pressure 
values 
The measured pressure data are compared with the predicted values as 
shown in Table-4.5. As can be seen, the maximum deviation is 22 % without 
cross sectional effects and is 13% when cross sectional effects are included. This 
corresponds to 11.0 g/s flow rate at 3.48 m location. For rest of the data, the 
maximum deviation is around 13 % without cross sectional effects and is around 
8 % when the cross sectional effects are included. Thus it may be concluded that 
over aU void fractions and sUp match well with predicted values (within 10% for 
void fraction and 25% for sUp), when no cross-sectional effects are included. 
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TABLE-4.5: Comparison of predicted and measured pressure values 
(kg/s) (kg/s) 
P 
(bar) (bar) 
expl 
(bar) 
Z = 0.64 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
5.84 
5.76 
5.69 
5.43 
5.34 
5.14 
5.03 
5.83 
5.76 
5.68 
5.41 
5.33 
5.13 
5.03 
5.93 
5.86 
5.74 
5.59 
5.39 
5.22 
4.81 
Z = 1.93 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
4.19 
4.17 
4.17 
4.02 
4.01 
3.85 
3.79 
4.18 
4.15 
4.13 
3.95 
3.94 
3.78 
3.71 
4.29 
4.22 
4.12 
3.97 
3.82 
3.73 
3.43 
Z = 2.69 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
3.23 
3.25 
3.31 
3.23 
3.27 
3.14 
3.21 
3.21 
3.25 
3.13 
3.15 
3.02 
3.32 
3.24 
3.14 
3.14 
3.04 
2.84 
Z = 3.48 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
2.25 
2.32 
2.45 
2.45 
2.53 
2.45 
2.44 
2.23 
2.27 
2.36 
2.32 
2.38 
2.27 
2.26 
2.34 
2.35 
2.30 
2.25 
2.21 
2.16 
1.87 
cs: cross-sectional variations accounted 
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Considering the errors in the experimental data, we can conclude that the 
model which does not include the cross sectional effects predicts reasonably well 
the vertical two-phase high density liquid metal flows in the mass flux range of 
0.13 to 2.3 kg/sm^ for gas flow and 5.5 x 10^ to 12.3 x 10^ kg/sm^ for liquid 
metal. This validates the criteria-1 and 2 for narrow pipe assumption. 
Chapter - 5 
Basic design of a 
prototype LMMHD PC 
system in the range of 
200-250 kWe 
67 
5.1 Introduction 
It was proposed to build a unique demonstration LMMHD PC 
coupled to solar and waste heat in the power range of 200-500 kW 
(electrical) for generating hydrogen [152]. In view of this, the model 
developed in this thesis has been used for designing basic LMMHD loops. 
For this purpose detailed parametric analysis related to geometry, flow 
rates, electrical power and magnetic fields have been carried out to arrive 
at optimum values. In order to design total LMMHD loop, in addition to 
mixer and riser, modelling of other components speciaUy MHD generator 
has to be carried out. Details of this analysis is presented in this chapter. 
The proposed solar heat source consists of large number of heUostats 
focusing solar radiation on a heat exchanger situated on a tower [153-158]. 
The heat is transferred to water and is converted to super heated steam. 
This steam at appropriate conditions (flow rates, temperature, pressure) 
passes through either single or multiple LMMHD PC loops. The low 
voltage and high current will be utiHsed for hydrogen generation by 
electrolysis method. 
5.2 Modelling of LMMHD PC loop 
Besides the two-phase flow in the riser and bubble distribution in 
the mixer analysis in chapter-3, the analysis of the other components are 
also required for detailed design of a LMMHD PC. The modelHng of the 
components like mixer, separator, nozzle, diffuser and the MHD generator 
are presented below. 
Mixer 
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In general, it is in the mixer; the thermodynamic fluid comes into 
contact with the Uquid metal either in the hquid phase or vapour phase. 
Liquid entering the mixer has many advantages like absence of boiler for 
vapour generation (mixer itself acts as a boiler) thus reducing the costs of 
the power generation as well as reduction in the pressure drop in the 
distribution of the mixer. However, in this case, vapour expansion occurs 
in the mixer, which can cause damage to the pipe due to vapour expansion 
[159,1631. Detailed studies are reqviired to be carried out before 
appropriate mixers are developed which can allow the boiling of the 
thermodynamic fluid (vapour). In view of this, mixer is designed assuming 
super heated thermodynamic fluid i.e. steam enters the mixer. 
Large number of holes of smaller diameter in the distributor of a 
mixer is ideal. This decreases the firictional pressure drop while smaller 
bubbles increase the interfacial drag. Ideally porous mixers are the best, 
sijice the hole size is as small as 10 microns and number of hole are almost 
unlimited. The main disadvantage of porous mixer is the possibility of 
holes getting choked due to presence of dust particle, impurities etc. In 
view of this the mixer proposed consists of large number of holes of around 
1.5 mm diameter drilled on the distributor of the mixer. 
Two-fluid equations in the riser have been solved without 'narrow 
pipe assumption'. Thus, (\^. or Cyg,Cvi have been taken as 1.0. This is 
assumed in view of large pipe diameters (~ 0.3 to 0.4 m) and high-density 
liquid metals (~ 10^ kg/m^). 
Separator 
The two-phases are separated in the separator by gravitational 
force. The design of separator should be such that the phase separation is 
complete and no vapovu* enters into downcomer thus there is no carry 
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under phenomena. In case of vapour entering the downcomer, the overall 
pressure head between riser and downcomer decreases leading to 
reduction in efficiency. Also the efficiency of the loop can marginally be 
increased by recovering the kinetic energy of the liquid metal at the 
entrance of the separator. This can be achieved by providing diffiiser at the 
entrance of the separator. Here, the separator is assumed ideal and no 
carry under phenomenon taking place [160-161]. Also the kinetic energy of 
the fluids are neglected and we have 
P^ = P, : T^ = T^ (6.1) 
Where subscripts 2, 3 indicate the entrance and exit position of the 
fluid in the separator respectively. See the fig. 1.2 to identify the 
subscripts. 
Downcomer 
In the downcomer, up to the transitional piece, standard single fluid 
equations for liquid metal have been calculated. Transitional pieces 
present at both ends of the MHD generator provide smoother transition of 
the flow from circular to rectangular and vice versa. The length of the 
transitional piece is optimised for mdnimum pressure loss using 
appropriate equations [162]. 
In the separator, pressure at the inlet (A) and at the outlet (F^) are 
assumed same and pressure and temperature at the entrance of the MHD 
generator is obtained as follows: 
P,=P,^Plg ff,, - AP^j, - ^ „ (5.2) 
7^^=?} (5.3) 
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Where H34 is the length of downcomer pipe and transitional piece 
(nozzle) A}^ffj4 is the pressure loss in the downcomer and transitional piece 
due to friction and AP^ pressure loss in the transitional pieces due to area 
variation. Subscripts 3 & 4 are the entrance position of the downcomer and 
exit position of the transitional piece (nozzle). 
MHD generator 
The MHD generator is the most important component of the entire 
LMMHD power conversion system. The geometry, load, magnetic field 
distribution, voltage and current should be determined in such a way that 
optimum electrical power output can be obtained [50-51]. Some of the 
important losses that occur are (1) ohmic heating due to internal 
resistance in the generator, (2) recirculating end currents at the edges of 
the generator due to magnetic field flux decay and this gives rise to power 
loss as well as additional pressure drop [58-59,]. The internal power losses 
due to ohmic heating can be reduced as much as possible by operating at 
high load factor ( ^ -> / ) . However, at large k, end losses increase. In 
principle, introducing insulating vanes near the edges of the generator and 
increasing the aspect ratio of the generator can reduce the losses because 
of end currents. The introduction of vanes gives rise to additional frictional 
pressure drop. A larger aspect ratio for a given power gives lower voltage 
and does not fully eliminate end losses. Therefore the length and location 
of the vanes and the aspect ratio should be carefully determined. 
The method adopted here is to solve simplified equations without 
accounting for end losses and estimate losses due to end effects separately 
and correct for losses accordingly. The required equations for the design 
of MHD generator are obtained from the MHD equations of continuity, 
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momenlum, energj' and generalised ohm's laws after the following 
assumptions have been made 
(1) Change in the density and electrical conductivity is negligible due to 
increase in temperature because of joule and frictional heating. 
(2) u is the cross-sectional area averaged velocity. Since area of cross-
section of the generator is constant, u does not change within the 
generator and thus the momentum equation essentially balances 
pressure drop with the frictional pressure loss, MHD pressure drop and 
gravitational pressure head. 
(3) End losses are neghgible i.e. no circulating currents are assumed 
(J. =0). CXurrent perpendicular to electrode surface becomes uniform 
throughout the generator and is determined from the ohm's law. 
Because of these assumptions, the original differential equations 
reduce to the following algebraic equations. 
'^mM=^^^-P4-P5^^lS"45-^fr45 
(5.4) 
= o^uB^ k(l-k)l 
km,B 
V=kuBh = — ' — (5.5) 
p w 
J^<5jUB(l-k} (5.6) 
(JJ m^ B^ I 
(5.7) 
, k AP ,,m. 
hlec L p 
72 
AF ..w 
] = Jwl= ^^^ (5.8) 
I 
2 u2 
(5.9) 
k(l-k)OfU^ B^ Ihw 
I^ R 
T. = T,+-—^ (5.10) 
•5 •* m.C , I pi 
In equation (5.4), J is the current density in >'-direction, B is the 
magnetic field intensity in the x-direction and / is the length of the 
electrode along the flow. Pressure drop due to MHD forces {AP^ is 
expressed in terms of pressure at the exit of the generator (Ps), pressure at 
the entrance of the generator {P^), gravitational pressure head due to 
generator height {p, g H^^, where H^, is the total length of the generator 
which includes electrode length, flange thickness, balance of the plate into 
which electrodes are inserted) and firictional pressure drop in the generator 
(APy^^^). P; is determined from mixer pressiu-e (P,) after accounting for 
pressure losses in the transitional piece-2 (diffuser), difference in the 
gravitational pressure head (between mixer and generator), frictional 
pressure drop in the pipe Unes connecting MHD generator and mixer (this 
includes L-bends, diffuser to match riser and downcomer diameter etc.) [6]. 
In fact for a given geometry and the flow rates, AP^^j is determined fi"om 
loop calculations. The MHD generator parameters k (load factor given by 
ratio of load voltage to open circuit voltage), B,J should.be such that JBl 
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satisfies equation (5.4). Any other value means different flow conditions. 
Hence for a given AI^^j, only two variables can be varied among k , B and 
J such that the product gives appropriate 4^^,,,. Equation (5.5) gives 
voltage in terms of k and open circuit voltage {uHh). In the absence of 
end losses, k is given by external load to sum of the internal and external 
loads. Eqn. (5.6) is derived from the generalised ohm's law. a, is the 
electrical conductivity of liquid metal. Using equations (5.4-5.6), equations 
(5.7-5.9) can be derived. / is the load current, N^,^.^ is the electrical power 
obtained and /?^ is the external load. Equation (5.10) gives increase in 
liquid metal temperature due to joule heating. R (= ///cr, H- h l) is the 
internal resistance of the generator. 
In order to estimate and optimise for end losses and to determine 
appropriate vane locations the following potential equations based on 
generalised ohm's law and current continuity equations (after non 
dimensionalising) have been numerically solved by relaxation method. The 
equations are solved for different k, with and without vane, different 
decay length for B. In the case of vane, optimum location as well as length 
of vane is determined. Fig. (5.1) gives the schematic of co-ordinates of the 
system. Even though in the actual system, the cross-section of the flow 
changes beyond the generator, for simplicity in this model, the flow cross-
section is assumed constant. Brief details of the model are presented here 
and details can be found in references [58-59, 164-167]. 
The following potential equation is solved in the region shown in 
Fig. (5.1). Assuming symmetry, solutions in the other regions are obtained. 
6^6 a (^t) 
— y + — y = 0 (5.11) 
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/ ^ * 7 
d V 
+ uB (5.12) 
WTiere (p is the. potential, J. is the current density along the flow 
direction. Equation (5.12) is obtained from generalised ohm's law. In the 
absence of end currents, ./. will be zero everywhere. 
The following boundary conditions have been used: 
kuBh ior o | < - and y=h (5.13) 
^(f> _uBh 
dy 2 for 01 > - and y-h (5.14) 
^0 for 
--rj = 5/; (5.15) 
ii>^o for no vane y -yo-0 (5.16) 
d<l> _uBh 
cy 2 for vane y -yo-0 (5.17) 
Where Vf, -o correspond to the centre of the MHD channel. 
The magnetic jBeld distribution is assumed to have the following 
properties [58-59]: 
5 = 5i for ----.i4 (5.18) 
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B = Be '^^ X for j r - r ^ | > - ^ (5.19) 
where L.. is magnetic field decay length. 
The voltage and current is obtained as foUows: 
V = 2^ (5.20) 
/ = j J.± = j a. 
—- + uB 
dy 
± (5.21) 
Using the above equations, losses due to end effects for different 
aspect ratio (2 to 5), load factor, magnetic field decays etc. with and 
without vane have been determined. 
The determination of the geometric dimensions of the MHD 
generator is very crucial and has to satisfy conflicting requirements. An 
increase in the cross section decreases the frictional pressure drop in the 
generator, but increases the magnetic field volume, leading to higher 
electrical power requirements and cost of the magnet and channel. For a 
given channel cross sectional area, smaller the width (M) of the electrodes, 
the higher is the voltage (see eqn. 5.5). Also it is preferable to have a larger 
aspect ratio (/ /?) in order to reduce the end losses. Another parameter 
which critically decides the channel dimensions is the magnetic flvix 
intensity. Higher flux increases the power density and voltage of the 
generator. However, after certain flux intensity, the electrical power 
requirements for magnet increase more than linearly with the flux density. 
All these aspects should be taken into consideration in designing the MHD 
generator. 
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5.3 Loop calculation 
For a given flow rate of liquid metal and vapour, geometry and 
magnetic field, calculations are carried out starting fi^om mixer, riser, 
separator, downcomer, transitional piece-1, MHD generator, transitional 
piece-2, and remaining pipe between transitional piece-2 and mixer. 
In general, the LMMHD power generation system consists of a 
series of basic LMMHD loops with the MHD generators connected in series 
to obtain a higher voltage and a single output. If AC power is required, 
then DC to AC inverters has to be used. 
A four loop LMMHD PC with loop-1 operating at 60 bar and 
generating 500 kWe has also been designed [168]. However, the detailed 
design and parametric analysis carried out for 230 kWe LMMHD PC is 
presented here. 
5.4 Design of 230 kWe two-loop LMMHD PC 
system 
Water/steam has been chosen as the thermodynamic fluid. Lead 
and/or lead-bismuth alloys are most suitable as electrodynamic fluids. 
Since lead is cheaper by around ten times than bismuth, from economics 
point of view, pure lead is preferable. Since lead has melting point of 327 
**C, the operating loop temperature should be above this temperature. On 
the other hand, lead-bismuth alloy has as low as 120 °C melting 
temperature depending upon percentage of bismuth in lead. Both these 
combinations have been chosen for design. 
In principle, it is possible to design a suitable single loQp LMMHD 
PC. This is conceptually simpler. However.^th^re'^e many di«adWntages, 
1 1 \cc. N o . - " " - / / 
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namely, larger loop height (for a 30 bar mixer pressure the riser height is 
around 60 m), smaller voltage for a given power, less efficiency due to 
single diameter of the riser pipe for entire pressure ranges. Besides, the 
system cannot be operated for wide range of thermal power values. 
In general, depending upon the highest operating pressure, total 
heat available, number of LMMHD power modules connected in series 
and/or parallel is determined. Taking these into considerations a two-loop 
system operating in series for a 2.5 MW thermal power is designed [169]. 
The schematic of the plant is shown in Fig. (5.2). Loop-1 operating at 31 
bar and 350 °C with lead and loop-2 operating at 15.5 bar and 215 "C with 
lead-bismuth has been taken up for detailed design, with the water/steam 
collecting all the required thermal power (the temperature and pressure 
are based on the solar tower). The steam flow rate is decided by the 
highest steam temperature and over aU thermal power availability. Based 
on this criterion, 0.9 kg/s flow rate is frozen for detailed optimisation. Also, 
in order to reduce the electrical power requirements as well as the effect of 
interaction parameter on the fluid, the maximum magnetic field intensity 
is restricted to around 1.0 T [170]. 
Since the two loops will be connected in series electrically, the 
design is carried out for same current in both the loops. It is planned to use 
the electrical power for hydrogen generation by electrolysis. This requires 
voltages in the range of 2.0 to 3.0 Volts. Accordingly, the MHD generator 
design has been carried out. As explained earUer, separate analysis has 
been carried out to determine end losses for different aspect ratio, load 
factor and magnetic field with and w^ithout vane. Typical value of end 
losses for aspect ratio 2 and 4.5 for different value of k , without vane and 
with vane at entrance and exit of the generator are shown in Table-5.1. 
As can be seen, at large aspect ratio, end losses decrease. Also for a 
given aspect ratio, end losses increase with k. However, as mentioned 
earHer, at low k, the efficiency of conversion decreases due to increase in 
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TABLE 5.1: Electrical power losses due to end effects for 
different k and aspect ratio {As = l h) without 
and with insulation vanes. 
Load Factor 
(k) 
% of end losses with respect to load 
current 
without vane 'with vane 
For As = 2.0 and L^=h 
0.795 
0.850 
0.875 
0.900 
0.925 
0.0 
11.0 
19.0 
45.5 
114.0 
0.0 
3.8 
9.0 
25.0 
50.0 
For As = 4.5 and L^ = h 
0.815 
0.850 
0.875 
0.900 
0.925 
0.950 
0.0 
2.4 
5.0 
6.25 
18.2 
33.0 
0.0 
1.5 
2.5 
3.75 
9.1 
16.7 
' The two vanes are located along the central line. One at upstream and 
other at downstream of the channel. Each vane is of the length 5h and 
located at a distance of O.lh from the edge of the electrode. 
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the joule heating and hence we have to arrive at optimum value. With the 
presence of vane we see that there is a significant decrease in end loss 
current. Based on this analysis, it is decided that the generator will be of 
aspect ratio of 4.5 and k around 0.9. In addition, two vanes, one at the 
entrance and one at the exit of length 5h situated at a distance 0. Ih fi-om 
the edge of each side of electrode will be provided. 
Optimisation have been carried out by varying the following 
parameters: 
(1) Mixer hole size and number of holes 
(2) Riser diameter 
(3) Downcomer diameter 
(4) Liquid metal flow rate 
(5) Transitional piece length 
(6) MHD generator: 
Electrode length 
Electrode width 
Electrode height 
The mixer distributor is assumed to have 1.5 mm hole diameter 
(limited by mechanical drilling). The number of holes (few thousands) is 
decided such that the fi*ictional pressure drop at the orifice is lefts than 
0.05 bar. The diameters of the bubble are determined from equation (3.37), 
(3.38) and (3.39) in Chapter-3, depending upon the flow conditions. 
In addition, mixer is assumed ideal and exit pressure and 
temperature of the two fluids are assumed as / / and 7) (Subscript number 
indicates the location at mixer exit). Pj is determined by accounting for 
pressure drop in the mixer distributor and Tj fi-om the over all heat 
suppUed to the vapour and mass flow rates. 
For a given flow rate of the steam and lead, smaller riser diameter 
increases the frictional pressure losses, decreases inventory. However this 
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increases the void fraction due to increase in the Froudc number. Diameter 
of the downcomer decides frictional pressure drop and inventory. Larger 
diameter increases the inventory, decreases the frictional pressure loss but 
this can also increase the pressure losses in transitional pieces. 
Electrical power generated is proportional to liquid metal flow rate 
and MHD pressure head (see equation 5.9). However, larger liquid metal 
flow rate decreases the void fraction and increases the frictional pressure 
drop leading to decrease in the MHD pressure head. Transitional pieces 
connect circular cross-section of downcomer with rectangular cross-section 
of MHD generator for smooth transition of the flow. Length of the 
transitional piece is optimised for minimum pressure losses. The electrode 
length, width and height of the MHD generator crucially decide the 
voltage, current, end loss, load factor, frictional pressure drop in the 
channel etc. 
All the above parameters have been varied so that maximum 
electrical power (MHD generator - Magnet power) is obtained for a 
reasonable inventory of liquid metal, keeping the required voltage around 
3.0 V and magnetic field up to 1.0 T. 
Table-5.2 simimarises the major parameters of the two-loop system. 
Superheated steam of 0.9 kg/s enters loop-1 mixer at 31 bar and 430 °C 
(operating at 350 °C). The additional enthalpy in the steam provides 
required heat energy for thermal losses in the loop and electrical power 
generation. Loop-1 generates 102 kW of electrical power. Steam enters 
loop-2 at 15.5 bar at 349 °C. Loop-2 operates at 215 °C. In this loop 181 kW 
of electrical power is generated. Steam at 2.5 bar enters regenerator and 
condenser. Water at 45 bar and 60 °C from pump enters regenerator (here 
0.3 MW heat is given) collects 2.5 MW of heat from solar receiver and enter 
the mixer of loop-1. A total of 2.5 MW heat is supplied which generates 283 
kW of electrical power after accounting for thermal losses (thermal losses 
through the pipes are estimated to be aroimd 200 kW). The net electrical 
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TABLE 5.2: Major parameters of the two-loop LMMHD 
PC system operating at 84 kA 
Particvilars 
Riser diameter ( m ) 
Riser length ( m ) 
Downcomer diameter ( m ) 
Mixer: 
- Pressure ( bar) 
- No. of holes ( 1.5 mm dia.) 
- Temperature ( °C ) 
Separator pressture (bar ) 
Highest pressure in the loop ( bar ) 
Void fraction in the risen 
-Entrance 
Exit 
MHD diffuser length ( m ) 
MHD Generator: 
- Length ( m) 
- Width ( m ) 
- Electrode length ( m ) 
- Electrode spacing ( m ) 
Liquid metal flow rate (kg/s) 
Steam flow rate ( kg/s) 
Velocity in the MHD generator ( m/s ) 
APMHD(bar) 
APfric (total) ( bar) 
Load Factor 
Internal Resistance ( nfi) 
Voltage (V) 
Current (kA) 
Magnetic field ( T ) 
Electrical Power ( kW) 
Loop-1 
0.4286 
24 
0.3033 
31 
8000 
350 
16 
39.3 
0.29 
0.49 
1.5 
1.1 
0.1 
0.9 
0.2 
1450 
0.9 
6.9 
8.5 
1.2 
0.86 
2.22 
1.21 
84 
1.0 
102.0 
Loop-2 
0.4286 
26 
0.3033 
15.5 
10000 
215 
2.35 
27.6 
0.31 
0.78 
1.5 
1.1 
0.09 
0.9 
0.2 
2000 
0.9 
10.6 
10.8 
3.0 
0.91 
2.33 
2.15 
84 
1.1 
181.0 
Combined parameter for both the loops: 
External Load (^Q) 
Total Voltage ( V) 
Gross Electrical Power ( net) ( kW ) 
Q (total) ( MW) 
Gross Efficiency ( net) ( %) 
40 
3.37 
283 (230) 
2.5 
11.2(9.2) 1 
84 
power after accounting for magnet power, feed water pump and auxiliary 
component is 230 kWe. The net and gross efficiencies are 9.2 % and 11.2 % 
respectively. The efficiency calculation does not include efficiency from 
solar radiation to thermal conversion. 
The entrance and exit value of void firaction in the riser of each loop 
is given in the Table-5.2. For these flow conditions, the void fi'action at the 
entrance is above 0.25 for both the loops. Thus, the bubble regime does not 
exist for these flow rates. Further, it is found that in the riser of loop-1, the 
flow is chiu-n up to a distance of 19.5 m from the mixer exit and beyond 
this, it is slug. In the case of flow in the riser of loop-2, the entire flow is 
churn. The average values of F^ and Fj^ y^ is also compared in both the 
loops and is given in the Table-5.3. In general F/y is three orders larger 
than FiT^^ in loop-1. However in loop-2, it is two orders to one order larger 
along the riser and this is due to large void fraction. In addition, in loop-2, 
the pressure losses due to acceleration (AP^c = ' " / ( " / ~ "/ ) ^ ) is also 
large because near the separator entrance the void fi-action is very large. 
Table-6.3; Comparison of average F^ and F^-^^, in LMMHD 
PC system 
Part iculars 
Fn 
^ v 
L-1 
4.81 X 102 
5.6 X 10 "^  
L-2 
4.83 X 102 
3.2 X 10 3 
The initial slip value is specified as 2.0. Based on this, initial a, w/. Uy 
are determined using continuity equation for Hquid metal and steam. 
However, it is found that beyond 0.2 m from the mixer exit, the calculated 
values are independent of initial specification of shp. The calculated a 
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values for various initial slip values ranging from 1.0 to 2.0 are plotted in 
the Fig. (5.3). 
For slug and churn flow, it is required to know void fraction in the 
liquid slug (a/,„ft). However, as explained earlier, there are no relations to 
determine the interfacial area. Also, there are no known relations to obtain 
this. In order to study the effect of a/.^ ^ on the power generation a^ /^, has 
been varied from 0.05 to 0.25 and the power generated has been calculated 
as shown in Fig. (5.4). We see that NElec is not sensitive to the values of 
ahuh and increases slightly with o/,„^. In view of this, ai„,i, is taken as 0.25 
for all the calculation. 
5.5 Detailed parametric analysis 
Void fraction, mass flow rates of vapour and liqviid metal, inlet 
pressure etc., determines the over all energy conversion. Void fraction in 
turn depends upon the temperature, slip (ratio of vapour to liquid metal 
velocity), fluid velocities (riser diameter) etc. 
In order to study these effects, analysis is carried out by varying 
quality {x = my/(rhy+m/)), mass flows of the fluids. The temperature and 
-5 diameter of the pipe is fixed for each loop. Quality is varied from 10" to 
-3 10 . For a specific quality, liquid metal flow rate (and corresponding 
steam flow rate) is varied from 100 to 2000 kg/s. The temperature of the 
loops 1 has been fixed at 350 °C and loop 2 is fixed at 215 °C. The values 
of the void fraction and slip are presented in Fig. (5.5). 
The functional behaviour of void fraction as predicted by two fluid 
equation can be explained from basic equations for small X (i.e. m^ «rh/) 
by expressing void fraction in terms of X and sHp (S) 1166], 
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Fig. 5.5: Average slip and void fraction in the riser as a function of 
liquid metal flow rate for different Qualities ( \ ) 
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a~-j-^ (5-22) 
For a given quality, a is smaller at lower flow rate because slip is 
larger. At high flow rate, the rate of decrease in slip with flow rate is very 
small leading to very small increase in a with the increase in the flow rates 
of vapour and hquid metal. Further, as the quality increases, void fi^ction 
increases for all flow rates as shown qualitatively by the equation (5.22). 
Electrical Power generated in the LMMHD sy&tem is given by 
[6,168] 
kAP . ,m 
Elec ~ A^o. = 2?M_J. (5.23) 
P/ 
k is the load factor of the MHD generator (ratio of external resistance and 
sxun of internal and external resistance and a value of ~ 0.9 is chosen for 
optimum efficiency), ^mhd ^ pressure head available for the power 
generation. This is the net pressure head created by density difference 
between the riser and downcomer (which is a function of average void 
fraction in the riser) after accounting for frictional pressure losses in the 
total loop, accelerational pressure losses in the riser etc. Hence, for a given 
steam flow rate, low quality has smaller void fraction, leading to smaller 
AP„^ and hence reduction in the power. On the other hand high quality 
flow rate (-10- or above) have large void fraction leading to large AP„f^. 
However due to small liquid metal flow rate the power obtained is less. In 
view of this, the quality in the region 10'' has been chosen for detailed 
optimisation. The starting point for the designing of the specific LMMHD 
PC system is to fix the steam flow rate. The requirement of the electrical 
power, highest steam temperature and overall efficiency of conversion 
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decide this. Hence, the prehminary computations were carried out by 
varying the steam flow rate from 0.6 to 1.2 kg/s. Based on this analysis 0.9 
kg/s has been frozen for detailed optimisation of the system. The optimised 
vapour and liquid flow rates with their mass fluxes are given in Table-5.4. 
TABLE-5.4: Flow rates and mass fluxes of steam and lead/ 
lead bismuth for two-loop system 
Loop No. 
L-1 
L-2 
Riser 
diameter 
(m) 
0.4286 
0.4286 
Steam 
(kg/s) 
0.9 
0 9 
(kg/8m2) 
6.24 
6.24 
Lead/Lead-Bismuth 
fill 
(kg/s) 
1450 
2000 
G, X W' 
(kg/sm2) 
10.05 
13.86 
In order to study the effect of individual parameter on electrical 
power, parametric analysis has been carried out. This is vital for scale up 
studies, off design performances etc. In all these calculations, mixer and 
separator pressures are fixed. 
In Fig. (5.6), the effect of riser diameter on electrical power is shown 
for both loop-1 and loop-2. At small diameters, due to large frictional drop, 
^mhd i® small leading to very small power. On the other hand, at large 
diameter, where frictional pressure drops are negligible, there is a small 
decrease in the electrical power. This arises because of increase in slip due 
to decrease in Froude number. Also, at larger diameter inventory of liquid 
metal increases sharply. 
Fig. (5.7) shows the effect of rh/ on electrical power and AP^fjj. 
Electrical power is proportional to the product of liquid metal and ^^hd 
At larger flow rates, AP^f^ sharply decreases due to both decreases in void 
fraction as well as increase in frictional pressure drop. Also since loop-2 
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operates at lower pressure, the average a is larger than that of loop-1, 
leading to larger Al^^hd • 
Effect of electrode length, electrode spacing, electrode width on 
power, k, voltage, current and ^TO/R/ ^ ^ plotted in Figs. (5.8) - (5.10) 
respectively. 
In Fig. (5.8), with the increase of electrode length (/), (keeping all 
other parameters same) power increases mainly due to increase in k. 
Electrode length 0.2 m corresponds to aspect ratio 1 and that of 1.2 m 
corresponds to 6. Since smaller aspect ratio also corresponds to smaller k 
the end losses are neghgible. Smaller k leads to lower power as well as 
lower voltage but higher currents, ^mhd decreases with / due to increase 
in the frictional pressure drop in the MHD channel. At high k values 
(it -> /) , there is a drop in power in loop 2 because of steep drop in ^mhd • 
In Fig. (5.9), effect of electrode spacing (/?) on various parameters is 
shown. Smaller h increases frictional pressure drop leading to lower 
power. As h increases, velocity of the flow decreases leading to smaller 
voltage and larger current. However, at large h values, power decreases 
due to decrease in k (equation 5.7). On the other hand, current remains 
constant since ^ ^ W ^ ^ ^ "^^^ change due to neghgible change in the 
frictional pressure loss in the MHD generator. 
In Fig. (5.10), effect of electrode width (w) is shown. AU the values 
correspond to same aspect ratio of 4.5. For smaller w, power is less 
essentially due to large frictional pressure drop leading to smaller ^,f^ 
With the increase of it', power increases initiaUy due to decrease in 
frictional drop. However, with further increase in w, there is a drop in 
power due to decrease in k. With the increase of u', current increases 
rapidly initially due to increase in both /^m^^ and w (see equation 5.8) 
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and linearly thereafter and the voltage decreases essentially due to 
decrease in k 
Variation of k and power for different magnetic fields has been 
plotted in Figs. 5.11 (a & b). No end loss correction is appHed for this data, 
as they are small. Here we see that, at lower m/, high B is reqioired for 
larger k . At larger m/, k increases rapidly initially and become insensitive 
to increase in B. For a given rh/, electrical power increases rapidly 
initially but become less sensitive to increase in B. This is mainly due to 
insensitivity of k with respect to B at larger value. For a given rhy, we see 
that there is an optimum w/ which gives maximum electrical power. 
Further we see that lines corresponding to different rh/ cross each other. 
This essentially means, optimum liquid metal flow rate depends upon the 
magnetic field intensity. 
Chapter - 6 
Summary and 
Conclusions 
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6.1 Summary and Conclusions 
Liquid metal MHD power conversion systems of gravity type have been 
recently proposed for variety of low grade heat sources, fast breeder and fusion 
reactors. These systems are based on Faraday's law of induction extended to 
electrically conducting liquids. They contain high-density Uquid metal and a 
suitable thermodynamic fluid. These systems have large conversion efficiency 
in view of isothermal expansion in the riser (as against adiabatic expansion of 
steam in turbine of Rankine cycle). 
Two-phase vertical upw^ard liquid metal flows occur in the riser of these 
systems and liquid metal flow in the downcomer pipe containing MHD 
generator. The overall efficiency of the power conversion depends upon the 
interaction of the phases. The flow is compUcated due to bubbly, slug and 
chum flow in the riser. 
Extensive hterature surveys of various two-phase models based on air-
water, steam-water and to a Hmited extent Uquid metal have been done. It is 
found that most of the studies in two-phase flows have been confined to 
mixture (or diffusion) model, where the two-phases are considered as a single 
fluid with the empirical relation of the void fraction. Even though the diffusion 
model is simple, compared to two-fluid model, many important characteristics 
of the two-phase flow are lost. In the case of Uquid metal flows, very Uttle work 
has been carried out related to two-phase flows. 
In order to study two-phase flows in LMMHD riser, a one-dimensional> 
steady state, two-fluid model is developed. The equations consist of a one-
dimensional continuity equation for each phases, combined momentum 
equation, vapour momentum equation and appropriate drag force for 
multibubble, churn and slug flow along with virtual mass force and related 
transport and thermodynamic relations. Taital et al. classification has been 
assumed to determine transition from one flow to other. 
100 
Effects of variation of void fraction and phase velocities of the fluid 
across the cross section of the pipe have been studied based on Ishii et al. 
model by modifying relative velocity and incorporating appropriate coefficients 
in the conservation equations. Bubble size at the mixer orifice exit has been 
calculated using Kumar et al. equations. A numerical code in Fortran is 
developed for solving these equations by using 4**' order Runge-Kutta method. 
The code is tested for numerical stabiUty, sensitivity to the input slip values 
etc. 
In order to verify the accuracy of the model, experiments have been 
carried out in a nitrogen-mercury experimental faciUty at Bhabha Atomic 
Research Centre. Void fraction, slip and pressure at different locations were 
determined for the mass fluxes varying from 0.125 and 2.302 kg/sm^ for 
nitrogen and 5.52 X 10^ to 12.26 X 10^ kg/sm^ for mercury. Experimental data 
of void fraction slip and pressure at different location of nitrogen-mercury 
facility have been compared with predicted values based on the model 
developed. The agreement is reasonably good. 
Based on this model, a 230 kWe LMMHD PC system suitable for Solar-
Waste heat has been designed. Appropriate equations for the flow in the 
mixer, riser, separator, downcomer and MHD generator have been solved. End 
losses due to recirculating currents at the entrance and exit of the generator 
have been taken into account. Extensive optimisation have been done by 
varying geometry, flow rates and electrodynamic parameters like load factor 
magnetic field intensity, voltage, electrical power etc. The optimised system 
consists of two loops of LMMMHD PC connected in series. Loop-1 operating 
with Lead at 350 "C and Loop-2 operating with Lead-Bismuth (25 % of 
Bismuth) at 215 "C. Steam at 430 "C enters Loop-1 after receiving thermal 
energj' of 2.5 MW from the Regenerator, Solar Tower and Incinerator Waste 
Heat. The net efficiency of conversion from thermal to electrical is 9.2 % with a 
voltage of 3.4 V and current of 84 kA. 
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6.2 Recommendations of scope of future studies 
The flow is not fully developed near the entrance region of the riser. In 
this region accurate modelling requires three-dimensional analysis. 
Formulation of the three-dimensional equations with appropriate initial 
conditions is quite compUcated and at present very little work has been carried 
out. On the other hand, when the flow is ftilly developed in the case of circular 
pipe, the flow become essentially two-dimensional and is functions of radial 
and axial co-ordinates. As a first step, the present one-dimensional analysis 
should be extended to two-dimensional in the fully developed regions. This 
gives us information regarding transverse variation of fluid variables. Thus, 
better modelling of drag and virtual mass force can be achieved. 
In order to obtain the two-dimensional solutions, turbulence has to be 
taken into account expUcitly unlike one-dimensional equation, where it is 
accounted in the frictional pressure drop. Appropriate k-s model for 
turbulent two-phase flows have to be solved. Along with better modelling, 
detailed experiments have to be carried out to obtain void distribution, 
pressure distribution etc. in the riser for validate the model. With the 
availability of better two-phase flow models, accurate design and scale up 
studies of LMMHD PC systems can be carried out. In addition these studies 
will give us deeper understanding of the processes taking place in the two-
phase flows in general. 
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Appendix-l 
Development of steady state quasi one dimensional 
two-fluid equations 
Time dependent three-dimensional two-fluid equations have been 
presented by Ishii-Mishima (1984) [91]. They are expressed in terms of two 
sets of conservation equations governing the balance of mass, momentum 
and energy for each phase along with related interfacial transfer terms. 
The equations are given below. 
Continuity equation: 
V-{a,p.u,)= r. dt ^ k^k k 
Momentum equation: 
(Al.l) 
-^^i i+V. (a ,p^v^vJ=-« ,Vp,4-V.«^^. . .^j ^^ ^^ ^ r + f 
-'"'k^k^ + ^^k^^^f^-'^^k-^, 
Enthalpy equation: 
(A1.3) 
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Here F ,M ,f .q" and 0, are the mass generation, generalized 
interfacial drag, interfacial shear stress, interfacial heat flux and 
dissipation respectively, f, , r, are the average viscous stress and 
turbulent stress for k phase. ^,>Qr are the conduction heat flux and 
turbulent heat flux for k phase. H^ is the enthalpy of k phase. The 
subscript k denotes A"-phase (which may be either vapour/gas or liquid) 
and / stand for the value at interface. 
By neglecting the lift force due to rotations of the bubbles and 
diffusion due to the concentration gradient, the generaUsed drag force for 
vapour phase may be modelled by a simple form as [91,96,100] 
Where FD, F\'M and Vb are the interfacial drag force, virtual mass 
force and typical volume of a bubble respectively. )im is the mixture 
viscosity. 
In the above equation the term on the left-hand side is the combined 
interfacial drag forces acting on the disperse phase. The first term on the 
right-hand side is the skin and form drag under the steady state condition. 
The second term is the force required to accelerate the apparent mass of 
surrounding phase, when the relative velocity changes. The third term is 
the Basset force and is the effect of acceleration on the viscous drag and 
the boundary layer development. 
One-dimensional equations have been derived by integrating the 
three-dimensional model and these one-dimensional equations are again 
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averages over the cross-sectional area to reduce them quasi-one-
dimensional. For steady state quasi one-dimensional case, the following 
assumptions have been made for simplification: 
(1) steady state condition i.e. — = 0 
dt 
(2) radial and azimuthal velocity components are zero 
(3) u^-u^(p,(f>,z)zoxAy 
(4) P = P(z), p^ = p^(z), p^ = pjz). 
(5) All other variables are function of p, ^  and z co-ordinates. 
(6) there is no phase change i.e. ^ =0 
(7) Y^M =0 (Conservation of momentum) 
k '" 
(8) I {^k^ki "^  ^h l^s ^" ^ (Conservation of energy) 
k 
(9) liquid and vapour/gas pressure at a given location is same 
(surface tension effects and interfacial stress effects are 
neglected) 
(10) cross-section of the pipe is uniform 
By applying the above assumptions, the continuity, momentum and 
energy equation reduces to the following form: 
One-dimensional steady state continuity equation: 
The continuity equation for vapour/gas phase can be expressed as 
^ ( < « P v " v > ) = ^ (Al-^^ dz 
p {a u ) = constant (Al.6) 
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where ( ) indicates cross-sectional area averaged quantities. 
In the above equation the density of each phase within cross-
sectional area is considered to be uniform so that p -{{p )) .To evaluate 
the < ) term, let us integrate the above equation over cross sectional 
area of the pipe in cylindrical co-ordinates {p,(l>,z). 
jjap^u^dp(pd^J = niy 
By defining p jja U dp(pd^) = p <au >A 
Where 
{ecu ) \\a,„ u dA 
(a) \\a,^ dA 
and /^\ - W^ioc P dp d(l> 
^^ jjpdpd^ 
where subscript 'loc' indicates local value of the variable. The 
symbols ( ) , (( )) means the area average and the weighted mean area 
average value. So, the continuity equation for vapour phase becomes 
(a) p «w ))A = m (A1.7) 
Similarly for liquid phase. 
{(l-a))Pj{{Uj))A = mj (A1.8) 
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One-dimensional momentum equation for vapour /gas: 
Similarly, we can obtain one dimensional momentum equation for 
vapour/gas as: 
^(Cw<«>Pv«"v»')=- < « > ^ - ^ (<«> « n . - <_-_-») 
^ ^ ^ - < « > P , ^ + <«XA /^v> 
(A1.9) 
where C = ^ 
^ {a){{uy 
This equation is further simplified as based on the following facts and 
assumptions: 
(a) p (au ) = constant 
(b) Neglect the second term of right hand side i.e. the sum of average 
viscous stress and turbulent stress. 
(c) Neglect the third term of right hand side because we assume that a 
at the wall is zero 
(d) Expand the fourth term of interfacial momentum transfer in terms 
of drag and virtual mass force only and neglect the Besset's force 
(which is important only in transient flows) 
Therefore, the equation (A1.9) can be rewritten as 
piccu) -'^ - =-a^-{a)pg-{a)-P-{a) '^ 
dz dz ^ V, I / 
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dC {{u )> dp F„ f,.,, 
Similarly, the momentum equation for liquid phase can be written as: 
^ ( ^ v / < / - « > / ' / « " / » ' 
= -(/-a)^^-^[{l-a)((f,^^ + TlJ)] (ALU) 
4(l-a ), T, 
dC {{u)) 
p{(l-a)u) \ ' 
' ' ^ (A1.12) 
= -{l-a)^-{l-a)pj g + {l-a){M.p 
{(l-a)uf) 
where C .= 
'^ {l-a){{u^))^ 
In general, C and C , are the function of z. In order to obtain C 
w v/ w 
and C void and velocity profiles across the cross-section has to be 
known. 
One-dimensional combined momentum equation: 
Adding (Al.9) and (Al.ll), we can get combined momentum 
equation: 
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p («« ) 
dC «w » 
VV V ^ < ^ ; / « « / » ^p^m-a)u;)-^^ 
dP 
dz + ^ {(«)(«r^__, + <^.,») + <r/-«;>(«r/_._. + r;L,)))} (A1.13) 
4 k ^ v w + ^ ^-«J^/J-{<«>/'v+<^^-«^>/'/}^ 
The following procedure have been adopted to simplify the above equation: 
4 I \ 
(a) The term-—)cr r +(I-a h, ris the frictional pressure drop at 
the walls, where the subscript w indicates the value at wall. This is 
expressed as {dPjdz)^^. 
t\(a)iuf (b) The term ^ | <«>[«?„-- + < - - » J + <C/-a;>(«f,_._-+ r ; ^„» IS 
the sum of average viscous stress and turbulent stress of vapotir/gas and 
liquid metal respectively. We are neglecting this term in our combined 
momentum eqxiation, as this term is significant only in separated flow like 
annular flow [117]. 
Thus the combined momentum equation can be written as 
dC {(u » dC ,««,)) 
V V dz ^' ' ' dz 
dP 
dz 
{{a)p^^{(l-a))p^g + f—1 \dz ) fr 
{ALU) 
One-dimensional combined energy equation: 
By simplifying equation (A 1.3), energy equation for vapour phase 
can be written as: 
^ ( c . {a)p {{H )){{u » L < a > ^ + 4 « 9' +«^ > (Ail5) dz 
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Where ^, and a" is the heated perimeter and wall heat flux 
respectively. C^ is the distribution parameter for vapour phase enthalpy 
flux and can be defined as 
(aH u ) 
C. ^ 
h- {a) {{H ^ )) {{u^)) 
For hquid, energy equation is 
"^ (A1.16) 
{(l-a)Hu) 
where C, , = 
By adding (A1.14) and (A1.15), we get the combined energy equation 
as given below: 
. . (A1.17) 
dP . ^y ^ + ^ \ a q +(l-a Jq" \+{0) + {0,} dz A\ H'^ vw w^^lwl V ^ I 
Even though, energy equation has been derived here, this has not 
been solved expHcitly in the riser. This is due to extremely small drop in 
temperature in the riser (few degree only) for typical flow rates of hquid 
and vapour/gas. The Hquid, whose flow rate is t5T)ically 10^ to lO^ to that of 
vapour, acts as a huge heat reservoir. Hence, there is no need to solve the 
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energy equation explicitly. The temperature in the riser has been assumed 
constant and temperature of the vapour/liquid metal in the separator has 
been determined from the energy balance as follows: 
fD \ 
m RTJn 
V J p 
T. = T. ^-^ (A1.18) 
I pi 
However, if the vapour flow rate is significant and heat losses 
through the wall are large (no thermal insulation), then we have to solve 
the energy equation for obtaining temperature (enthalpy) variation in the 
riser. 
Note: In order to avoid the cumbersome notation for area averaged values 
(( )'{{ ))). the brackets around the variables have been omitted in the 
equations given in the main text. However, they indicate area-averaged 
value only. We can summarised it as follows: 
a -> means (a) 
u -> means 
V 
u, -> means 
(ecu ) 
(ct) 
{(l-a)Uj) 
I U-a) 
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Appendix - 2 
Virtual Mass Force 
One of the important problems in two-phase flow is concerned with 
phase separation mechanism and effect of virtual mass force on phase 
separation during the acceleration of a two-phase mixture. Virtual mass 
force is defined as the force required to accelerate the apparent mass of the 
surrounding phase when relative velocity changes. 
In simple way, the virtual mass force [91,100-103] is defined by 
P'm = ^VM Pi ^l-M (A2.1) 
where o j ^ is the virtual mass acceleration term and Q^^ /?/ is the 
virtual mass per vmit bubble volume. 
For a single, non-deformable, spherical bubble 
For two-phase flows, the appropriate void dependent expression for C^^ is 
likely to give a value less than one-half, but its functional form is currently 
not known. The virtual mass acceleration for two-phase flow [91,100] can 
be written as 
D (u -Uj) I \\ 1 
(A2.2) 
The parameters C^^^ and A are assumed to be function of a only 
i.e. Cyj^ =Q^( ' a>and X = X(a). So, from equation (A2.1) and (A2.2), we 
have 
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'^nt ~ Pi^m' Qt V V V / ' (A2.3) 
The value of C'j^ can be determined from the experiments. 
Houghton (1976) has performed the experiment with single bubble of 
various shapes [140]. He foimd that for a sphere, Cif^ = //2, and for the 
other shape Cif^^ is shape dependent. These experimental values are 
considered to be valid for dilute two-phase flow. For low void fraction 
cases, r,^, is either one-half or shape dependent and A = 2 . For high void 
fraction C\^f is equal to — — and X = 0. 
2 p, 
Ishii and Mishima (1984) have defined the Cif^ for bubbly and slug 
flow [91] and extended it up to churn flow in the following manner: 
l(l+2a) 
C = 
2 (1-a) 
5.0 0.66 + 0.84 1-D..3L. b b J 
(Bubbly Flow) 
( Slug Flow ) 
(A2.4) 
where Lf, and />^ are the length of the cylindrical bubble and 
bubble diameter respectively. 
A plot of CiT^ against a is shown in fig. {A2.1). The virtual mass 
force increases with an increasing void fraction in multibubble regime due 
to stronger coupling between two phases. The intersection of the above two 
solutions occurs at the void fraction between 0.66 and 0.75. For a lower 
void fraction, the virtual mass force for a bubbly flow is smaller than that 
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Fig. A2.1: Virtual mass coefficient for bubbly and slug 
flow regime 
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for a slug flow. This implies that vapour phase has less resistance to an 
acceleration in a bubbly flow configuration than in a slug flow 
configuration if a < 0.66. On the other hand, for a > 0.66 a slug flow should 
be quite stable even under transient condition. 
Due to a similarity in flow geometries, the virtual mass force for a 
churn flow may be approximated by the solution for a slug flow given by 
equation (A2.4). 
As explained in Chapter-3, since virtual mass force is significant 
only in critical flows, virtual mass force corresponding to bubbly flows only 
taken for all the flow regimes. 
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Appendix - 3 
Derivations of working level equations from basic 
steady state quasi one-dimensional equations 
Continuity equation for vapour and liquid metal is given by 
p.u.(l-a) A = m. 
p u a A = m 
V V V 
Differentiating w. r. to z, we get 
du. dA (l~a)A-^ + {l-'a)u —~u A-— = 0 
dz ' dz ' dz 
A^\ A^^v A da d4 . 
ap A—-•'rau A—--vu p A — + p u a— = 0 
"^ dz " dz " ^ ± ^ ^ ± 
da 
Take —— from equation (A3.3) 
dz 
da_^ (l-a)d^l ^{l-a)dA 
dz u, dz A dz 
I 
and put it into equation (A3.4) to eliminate da 
dz 
(A3.1) 
(A3.2) 
(A3.3) 
(A3.4) 
(A3.5) 
du dp 
a p — - + au —^ 
^ dz "^ dz + p u 
(l-a)du^ 
u, dz 
V V 
+ 
(l-a)dA 
A dz 
> + 
^v\^dA 
A ± = 0 (A3.6) 
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(^p 
du 
V 
^ dz 
+ au 
dp p u (1-a) du, 
V , ' ^ V V I 
V dz + W, ± 
+ < 
^.^(^-''^hdA 
+ p u a \ A dz 
du 
a p 
± 
dp p u (l-a)du P^u dA 
V ± U. dz A dz 
0 
= 0 
(A3.7) 
Divide the above equation by a 
^ + J, ^ + (±1^ ^ v \ ^ ^ ^v\_dA ^ ^ 
V ± ± a u. dz a A dz 
Combined two-phase momentum equation is given by 
du du 
ap u —-^ + (l~a)p,u,—-
= -^-{"P.^<'-")p,]s-f^ 
where /^ = frictional pressure gradient 
Let -[ap^ + (l~a)p^]g-fj^ = Sj 
du du ^p 
then a p u — - + (l-a) p,u,—- = + S, 
Bubble momentum equation is given by 
(A3.8) 
(A3.9) 
(A3.10) 
d(p V u ) dp 
^ ^ ^ = -V —-P V 2~F -F 
dt b dz V b ^ I) VM 
where F ,^ F^, fj^ ^ are the bubble volume, Drag Force and Virtual Mass 
Force respectively. 
The identity for three-dimensional case is given by 
= + M -V 
dt dt ^ 
For one dimensional steady state case, -p = w —r-
dt V dz 
Therefore, 
where p V, = bubble mass = constant 
V b 
From the equation of state, 
dp p u du p g F ^ F,,.^ 
'^  V _ '^  V V V '^ V ^ D VM 
dz C d= C \\C V X 
b D 
Substituting equation (A3.13) into equation (A3.8), we get 
V 
p u du p g F,. F.. . . 
C dz C V^C Vf 
^ at a Uj dz aA dz 
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P KM —^ = -1' pV^g-F^-F^^^ (A3.11) 
dP ^ dP^ 
— = C — ^ (AS. 12) 
dz dz 
Put equation (A3.12) into equation (A3.11), we get 
du dp 
(A3.13) 
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c ± + a u. dz 
p u g u F,. u F 
c V C b V C b^ 
v^ \ dA 
a A dz 
(A3.14) 
where 
d(u -u ) 
F = C p V u ^ ^ 
VM VM ^l b V cb 
and r = 0.5^^^^^^ or 0.5 
V^ (1-a) 
Substituting for F^ „ and rearranging the term of equation (A3.14), we get 
P u' 
'^ V V 
c 
du 
V 
dz + 
(l-a)P,\dUj 
a u dz 
p u g u F.^ p u fiA 
C Vr aA ± 
D 
U 
+ V C 
b^ 
du du 
VM '^l b V ^~ VM I b V ^~ dz 
' 
p 
( 
1-
\ 
«M 
V 
c J 
^VM Pi \ 
C 
du 
V 
dz + < 
Py\(l-a) 
u. a 
+ 
^VM Pi ^ 
c 
dUj 
~dF 
p u g u F^ P u ^ A 
= V ^ -I- ^ D _ '^v V CIA 
C Vf aA ± 
137 
U 
'-f c du V dz 
P,^Al-a) 
u, a 
+ c 
du. 
u 
_ V C 
^^D ^ Pv dA 
p e + —^ 
^v^ V, aA ± 
(A3.15) 
Recall equation (A3.7), we have 
du dP 
V h V dz b dz "^ b D VM 
dP ^\ ^D ^VM 
— ~ - p u — - - p g - — ^ - ^^' 
dP 
Now, let us put — in equation (A3.10), we have dz 
du du. 
ap u — - + (I-a ) p.u,—-
± 
'' du F F ^ 
'^V V r/~ '^  V ° 1/ 
V ^ ± V V, b J 
+ s. 
Let us put the value of F^n^, in above equation and rearrange it, we have 
du du. 
ap u —-^ + ( I-a ) p,u,-y^ 
"^ ^ dz ' i dz 
^ du 
- P„ " 
F, 
_ ^-p g- Ul 
du du 
VM I V dz ^M ^ ^ dz 
+ S, 
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( I -a ) p u du 
> —1~- ~ •s Ct 
( 1-a )PiUj du 
-Pyg (A3.16) 
Let us eliminate — - from equation (A3.15) and (A3.16). 
ct 
For doing this, let us multiply equation (A3.15) by 
\( l-a)p^u^+Cyj^^ PfU^\ 
and equation (A3.16) by p 
.. 
f 
I-
\ 
2 ^  u 
V 
' C 
J 
c 
Then we have 
(l-a)p^u 
V V 
VM '^l V 
u IM ^l V 
c 
J 
du 
V 
+ 
(1-a)pu 
V V 
+ ^ F M ^ / " v 
Pv\(l-a) 
u I a 
u 
_ V C 
_!_ VM ^ l V 
c 
du. 
P S + 
^v« V, aA ± 
(l~a)p u 
(A3.17) 
f 2 ^ 
— < 
\ J 
u 
^^mPiK 
2 ^  
•^^'"^Py"y^^mPl\l 
^^mPi'^r 
du 
V 
du, {(I~ajpiu^ + C^^^p,uj-^ 
^ 2 ^ 
J 
Vhi I V 
(A3.18) 
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du. 
Subtracting equation (A3.18) from equation (A3.17). we get as 
dz 
u 
V 
c 
+ 
du. 
b 
u 
'-C 
[{J-a)p^u^-^C^.^p^uJ 
C 
R D P.S^V^^I 
± (l-a)p u +-^^^/"^ 
V V c 
>•< V V au, C 
+ 
^ 
^-i C \(l-a)pjUj+C^^PjU^] 
(A3.19) 
du 
Let 
dz 
- = y/, then we have 
Alternative (1) 
From equation (A3.15), we have 
2 ^ 
u C.' jy PI W 
c 
du 
V 
± 
+ u, a C (^ 
u 
V 
c ^v^ V^ aA ± 
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du 
V _ 
U 
V 
c Pv^^ V aA ct 
Py\ (1-a)^^vMfjK 
u I a 
¥ 
± 
'-C 
VM I y 
C " 
(A3.20) 
Alternative (2) 
From equation (A3.16), we have 
{(l-a)p u +C,^,p,u 1—^  
V ^ ^ v V VM ^l V > ^ 
-{(l-a) P,u,^C^ p,»„ V = -p^g-^-S^ 
{(l-a)p u +C,_ . p.u } 
^ '^ V V VM / V 
(A3.21) 
Equation for pv and a 
These can be determined from equation (A3.1) and equation (A3.2) 
From equation (A3.2), we have 
m 
P„ = V u aA 
V 
(A3.22) 
From equation (A3.1), we have 
W, (l-a) = i-
p^u^A 
141 
nt. 
a 1-
PjUjA 
(A3.23) 
Equation for P 
From the equation of state, we have 
P = p C (A3.24) 
So, the final working level equations to be solved by using 4'*' order Runge-
Kutta Method are given by (A3.20) to (A3.24). 
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ABSTRACT 
A unique Liquid metai MagiKtohydrod>7uniic Power conversion 
(LMKfHD PC) system based on solar and waste heat has been 
proposed A one dimensional steady sUte two-fluid mode) 
consisting of mass conservation equations of vapour and liquid 
metal, momentum equation of vapour, combined nMmentum 
equation along with odier auxiliary relations, have been 
numencalK solved to detennine various parameters in the riser. 
Appropriate interftcial drag force for multibubUe. chumtutbulem 
and slug flow which occur in the riser have been incoqwrated. 
Based on this model extensive parametric analysis has been earned 
out to design a 4 loop LMMHD PC system based on lead and 
steam operating at 400^ C (loop U and 3) and 3S0 ® C (loop-4) 
This system requires 4 2S MW of thenmal power from sdar aod 
waste heat and generttes 410 kW 
INTRODlCnON 
LMKWD PC systems have been recently proposed for variety of 
heat sources i e solar, nuclear, bio-gas etc [I] These systems have 
superior thermodynamic cycle efficiencies and are suitable for low 
powers and lov« temperatures Intense research is being carried out 
at diflerent ins&tunons to understand various phenomena 
associated vkith these s\-stems Detailed techno-economic studies 
indicate fossil fuel twsed cogeneration LMMHD plants in the 
range of I M>V'e to 20 MWe. with current technologv, compete 
vet> uell vk-ith convenoonal turbine plants These systems are most 
suitable as captive power plants In addition to cheaper electrical 
pov^ er generation, these s>stems are modular, simple and reliable 
since no moving component is there (except for feeder water 
pump) In the case of cogeneration plant there are additional 
adsaniages like changing the ratio of electric power and process 
heat In MCM of IO\% dc voltage and high current ( tens of volts and 
hundreds of kilo amperes for a 3 5 MWe system) these systems can 
directiv be used for hydrogen generation etc 
B\SIC PRINCIPLES OF LMMHD PC SNSTEM: 
The svsicm requires two fluids i e thermodyitamic and 
electrodvTumic ( liquid metal ) Depending upon the temperature 
of the heai source vinous combinations of these fluids are 
choseiLThe schematic of the system is shown in Fig. I. The system 
consists of mixer, riser pipe, separator, downcomer, MHD 
generator ( MHD channel and magnet), condenser, feeder pump 
etc. Heat energy is added either to the theiinodynamic fluid or 
liquid metal depending upon the heat source. The thermodynamic 
fluid ( vapour or liquid form ) enters the mixer at appropriate 
pressure aiid is fully converted to vapour (in case of liquid ) in the 
mixer. A two-phase flow is created in the riser due to density 
difference between riser and downcomer This circulates the liquid 
metal in the loop and creates a pressure head The thermodynamic 
vapour expands in the riser and the sepnued vapour either enters 
another LMMHD loop opeiaiiog at a lower pressure or a 
condenser. The liquid metal alone flows thnwfl^ the downcomer, 
MHD generator and back to the mixer. The pressure bead created 
due to density difference is balanced against MHD force, fhctional 
pressure drop etc. The work done against MHD force is converted 
into electrical power in the generator. The vapour is condensed 
and pumped back to the mixer after adding required heat energ> 
(the balance heat is transferred to liquid meul at appropriate 
location in the loop) In the nser the steam expands isothermally 
(imlike adiabatic expansion in the case of a turbine) since it takes 
the heat from the liquid metal (liquid metal acts as a heat reservoir 
due to large flow rate as compared to vapour). This leads to a 
supenor thermodynamic cycle In the actual system, in the nser 
there are losses associated with slip between vapour and liquid 
metal and two-phase, single phase fhctional pressure losses etc In 
addition, there are losses associated with MHD generator like end 
current losses, joule dissipation etc In order to design a LMMHD 
power conveners detailed two-phase flow equations in the mixer 
and nser, single phase MHD equations in the MHD generator and 
other single phase flow equations are required to be solved 
Accurate modeling of the two-phase flow m the nser is essential 
since over all conversion efficiencv is governed by the flow m this 
region In the riser pipe the mechanical work done by the vapour is 
transferred to the liquid metal The electncal power generated for 
a given vapour flow rate is a function of void distnbution in the 
nser and liquid metal flow rate This necessitates accurate 
prediction of void fraction, slip, two-phase fhctional pressure drop 
etc in the nser pipe The two-phase flow in die nser is further 
complicated because of large pressure vanation leading to large 
vanation in the void fraction (0 2 to 0 8) The actual flow evolves 
from multibubble to chum turbulent to slug flow along the riser(2] 
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Various two-phase modds bised OB air-water, steam-widtr aod to 
a lunited extent liquid metal are available . Most of the studies in 
two phase liquid metal flows have been confined to diffusion 
model, where the two-phases are considered as a single fluid with 
empirical relation for void fraction [3.4] Even though, the 
difTiision model is simple compared to the two-fluid model, many 
important characteristics of two-phase flow are lost (e.g. initial 
conditions of the mixer can not be incorporated in the flow, void 
fraction cannot be determined explicitly from the equations 
etc.).For liquid metal two-phase flows, Mond and Sulcoriansky [S], 
Eckeit et al [6] have studied the flow by two-fluid model with 
multibubble assumptions 
In this paper, a two-fluid model is developed for two-phase 
vertical liquid metal flows m the LMMHD PC system has been 
presented. The model has been verified in a expenmental mtrogen-
mercury facility Parametric studies have been earned out to amve 
at optimum flow parameters Some of the data is presented here. 
TWO-KLUED FLOW .MODEL: 
A quasi one-dimensional steady state two fluid model has been 
developed. The following conservation and other auxiliary 
equations have been used. 
Liquid Metal aitd Vapour Continuity Equauon^ 
p, U | ( l -a )A = m, . 1 
p.u^aA " lii,. 2 
where P| and Pv are the densities of liquid metal, and vapour. U| 
and Uv are velocities of liquid metal and vapour, ni| and rii, are 
the mass flow rates of liquid metal and vapour, a is the area 
averaged void fraction and A is the cross section area of the pipe. 
Combined Two-phase Momenum Equation 
<JU tiu jp ^ jp 
where the last term is due to wall fnctioa z is the distance from 
the mixer exit, P is the pressure and Ofo is the two-phase 
multiplier of fncuonal pressure drop. 
Momentum Equation of the Vapour 
Py"va?"'v' iz *'%" V V 
b b 
where V), is the average bubble volume. FQ and FVM ore the 
inter^ia) drag force and virtual mass force respectively. Wall 
shear stress term in the vapour momentum equation has been 
neglected due to low void Fraction near the walls. Also interfacial 
shear stress, which is a funcnon of void fraction gradient, is 
important only in annular flows and hence not included in the 
vapour momentum equation(7] Density of the steam is determined 
from steam tables Gassificanon of flow structure is determined 
based on Taitel et al (2] as follows For vo:d fraction (a) less than 
0 25. the flow is assumed to be in the multibubble regime Beyond 
that, the flow is chum-rurbul<rnt or slug depending upon whether z 
IS less than thi: entrance leni^ h " 1^  • The interfacial drag force is 
determined havd on l^ hn jnd Mishima work 17) 
1 i>r multibubble rcuime the drag force is determined as follows 
whoe r^  is the drag rM&us of the bulMft 
When a is greater than 0.25 and z is less than entrance lengdi 1^ , 
then flow is chum-tuibulent and the drag force is given by 
IE is defined as 
^ = 40.61 ^^^ U0221 7 
and for the slug flow, the drag force is given by 
The FVM >S determined from the following equation as developed 
for multibubble flow by Ishii et al. Since the cross sectkn of the 
nser is constant, the virtual mass force is found to be two to three 
orders less than the drag force and the flow was insensitive to the 
virtual mass force [8]. In view of this the same relation is used for 
all regimes. 
VM (l-a) b*^ ! vE*"v "i' ' 
In general, cross-sectional variations in ct, uy and u, modify 
momentum equations as well as drag fone. However, since die 
diameter of the pipes and the densiqr of liquid metal are large, 
diese effects are n^igiUe. The two-phase fiiictional multiplier is 
determined based on Friedel conelatioa Actual thennodynamic 
and transport properties of the fluid are also taken in to 
considerBtKML 
DETERMINATION OF INTIIAL BUBBLE DIAMETER 
The type of the bubble generated in the mixa is ciucial for the 
power conversion. Depending upon flow nte of the vapow and 
mixer holes, either bubble flow or jet flow takes pteoe near the exit 
of dw distributor. The jet consists of large, closely spaced irregular 
bubbles with swirling motion; No detailed studies have been 
carried out for liquid metal-vapour flows to study bubble size 
distnbutioa Hence, the bubble diameten for various vapour flows 
have been determined by using Kumar et al relations as given 
below [9]. 
E.D? 
.1/4 l<Ng,<10 10a 
D^-0J2(N04«),_i_J_, 
1/4 
1/4 
1 0 < N B , < 2 1 0 0 lOb 
a-04 
b R« (p,-p, 
^°i 
' - ^ » 
4000 < Ng, < 70,000 lOc 
where D|, is the bubble diameter, N,^ is the gas Reynolds number 
at the onflce. I | is the surface tension of the liquid, g is the 
acceleration due to gravity. Oh is the onflce diameter The flrst 
and second equations predict increasing bubble diameter with N^ ^ 
while the third predicts monotonically decreasing bubble diameter 
Since no equation is available between 2100 and 4000 of Nj^ _ 
appropnate interpolation has to be earned out 
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The fonser%ttion equations are algebraicall> modified and solved 
by 4 order Runge-Kutu method, starung from mixer exit to 
Kpuitor enrance Since the drop in the temperature is very small 
(leu than 3 Kx energy equation is not solved explicitly and 
tempaiuie assumed constant in the riser. However, the 
icmpnuiR Di the sepantor is determined from energy balance 
In addmon to the above two-phase flow equations in the nser , 
ippropnate equations are solved in the MHD generator, 
iiotde,difTuser, downcomer etc The ieparator is assumed ideal 
n d nocarrv laider pherwmenon in the dowitcomer is assumed. 
For a given flow rate of fluids, geometry and mapietic field, 
cakuiabom are earned out in die following sequence: mixer, riser, 
sepantor. downcomer. nozzle. MHD generator. difTuser and 
remaining pipe between diflfuser and mixer 
DESIGN OF THE RISER 
Water/steam has been chosen as the thermodynamic fluid and 
lead has been chosen as electrodynamic fluid. The main advantage 
of the lead is that it is cheap. However, since die meltm^ point of 
lead IS arotoid 327 <^. the minimum operating temperature of the 
loop should always be above this terapentute. 
The over all efliciency of the loop depends upon die highest 
opwrtfing raixer pressure. Initially two cases were considered i.e. 
•0 bar and 60 bar. 60 bar pressure has been choseo in view of only 
marginal increase in power if operated at 80 bar. The efficiency of 
the LMMHD loop dqiends upon die riser pipe diameler and 
pressure Single LMMHD loop for a 60 bar pressure drop in die 
riser is conceptually simpler. However, diere are many 
disadvanages i.e hei(^ofdieloopis very large-I^m. smaller 
voltages Cor a given power, less eflkiciii:j> due to s i i ^ diamder 
of die nser pqx. Besides, die systtm can be opemied «dy at one 
pressure (no flexibility in operating m off-dea^ oondmons) 
Taking uto consideration all these &cts. a four kwp LMMHD PC 
IS designed Ideally, load ftctor and power of each loop should be 
such diat approximately equal power is obtained However diis 
makes die loop heights diflisrenL The desi^i is carried out such 
that dieJiist two loops and later two aie approsiniaiely of same 
height so dint installation aspects ats sioqilified. 
Void fnctxm. mass flow rates of fluids, inlet pressure etc 
determine die over all energy oonversioa. Void ftactioR in turn 
depends upon die teBverature. slip, fluid velocities etc. In order to 
stud> diese efliects, analysis is carried out by vaiymg quality 
( X - i i i , /(m. • A,)), mass flows of die fluids. The temperature 
and dian|pter of die pipe is fixed for each loop. Qualrty is varied 
from 10' 10 10' For a specific quality, liquid metal flow rate ( 
and conespooding steam flow rate ) is varied from 100 to 2000 
kg/s The temperature of die loops 1,2 and 3 have been fixed at 
400 0 C and loop 4 is fixed at 350 0 C. The values of die void 
fraction and slip are presented in Fig. 2. 
The funcnooal behavior of void fraction can be explained from 
basic equanoos for small X (i.e ih, « i t a , ) by expressing void 
fraction m terms of X and slip ( S ) . 
' • • S T — >1 
For M gtytBtpi^ity, a is aaailerxt lower Bow ate because sUp ts 
larger At high flow rate, the rate of decrease in slip widi flow rate 
IS \er> small leading to very small increase m a widi dw increase 
u die flo« mes of vapour and liquid metal Furdier. as the quality 
increase!). \oid fraction increases for all flow rates as. shown 
qualitative!) by the equation (II) 
Electncal Povwr generated in the LMMHD system is given b> 
POWER=—mM I 12 
K is die load factor of die MHD generator (ratio of external 
resistance and sum of imemal and external resistance and a value 
of ~ 0.9 IS chosen for optimum cfTiciency) AP^hd '^  pressure 
head available for die power generation This is dw net pressure 
head created by density difference between die nser and 
downcomer (which is a fimction of average void fraction in the 
nsw) after accounting for frictiona) pressure ksscs JJI the lota) 
loop, accelerational pressure losses in the nser etc. Hefice for a 
given steam flow rate, low quality has smaller void fraction 
leading to smaller AP^hd *'x' hence redwaion in the power On 
the other hand high quality flow rate (--10' or above) have large 
void fraction leading to large APmhd However due to small liquid 
meul flowrate the power obtained is less Hence die quality in the 
region 10* has been chosen for detailed optimization The starting 
point for die desigmng of die specific LMMHD PC system is to fix 
die steam flow rate. This is decided by the requiremem of the 
electrical power, highest steam temperature and overall efficiency 
of conversion. The preliminary computations were carried out by 
varying the steam flow rate from 0 8 to 1.4 kg / s. Based on dus 
analysis 1.2 kg/s has been frozen for detailed optimization of the 
system. For each loop die following parameters of the Riser have 
been varied for optimization :(1) mixer hole size and number of 
h(des, (2) riser diameter and (3) liquid metal flow rate 
Large number of holes and smaller hole s i « are ideal for die 
mixer. This decreases the frictional pressure drop and produces 
small bubbles duis increasing the interfadal drag. This leads to 
larger vmd fraction. Ideally, porous roixen are die best, since die 
hole size is as small as 10 microns and number of holes are almost 
unlimited. The main disadvantage is possibility of holes gemng 
choked due to die presence of dust particles, impurities etc Hence, 
it is decided to design a mixer distributor with 1.5 mm hole 
diameter. The number of holes is decided such diat the pressure 
drop at die onfice is less dun 0.05 bar Riser diameter is very 
cntical for overall efficiency of conversion For a given flow rate 
of the steam and lead, smaller pipe diameter increases the 
fhctional pressure losses but also decreases the inventory and 
increases tlie void fraction due to increase m the Froude number 
The effect of nser diameter on power for specific flow rate of 
steam aiKl liquid metal for all the 4 loops is shown in Fig 3 As 
explained earlier liquid metal flow rate is crucial as the electncal 
power generated is propomonal to liquid metal flow rate and 
MHD pressure head Larger liquid metal flow rate decreases die 
void fraction and increases the fhctional pressure drop leading to 
decrease in the MHD pressure head On the other hand, smaller 
liquid metal flow rate leads to larger nser and downcomer height 
(due to increase in void fraction in the nser) and this increases the 
inventory and other costs Thus an appropriate flow rate of liquid 
metal has to chosen In Fig 4 effect of liquid metal flow rate on 
power has been shown 
Similar optimization studies have been earned out for 
downcomer, MHD generator etc The four MHD generators are 
planDed to be connected in senes to obtam maximum voltage 
Hence the parameters are vaned such that same current is obtained 
from all the loops Hydrogen cells are being planned for generating 
Iqrdrogen from the electncal power 
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While optimizing the loops, the steam pressure at the separator 
exit of loop I IS matched with the mixer pressure ot loop 2 after 
accounting for pipe pressure losses Similar anaKsis is earned out 
for other loops also The exit pressure of loop 4 is fixed at 2 U bar 
based on the requirement of regenerator and condenser 
The power generated and temperature m each loop are essentialK 
determined by the speciflc heat transport scheme adopted for the 
solar and incinerator waste heat Two alternate schemes have been 
considered i e. air tnnspoft and process steam it self Depending 
upon the scheme adopted, the actual loop temperatures are 
decided Here the analysis corresponding to air transport system is 
presented 
In this scheme all the k x ^ are operated with lead Schematic of 
the loop is given in FigS. 1.2 kgrs water from feed-water passes 
through Reg. I and through water / steam-Air heat exchanger The 
partially boiled water then enters the incinerator heat exchaneer 
where additional heat is supplied Super heated steam at ~ 387 C 
and at 60 bar enters the loop I. Additional heat of 0 2,0 3 and 0 2 
MW IS directly supplied to liquid metal in loops I, 2 and 3, 
respectively. The steam flows throi^ all the loops and then enters 
regenerator, Regl. Table I. gives the details of various porameten 
of the four loop system optimized for 400 *C for loop 1, 2, 3 and 
3S0 *C for loop 4. The maximum difference in temperature in the 
loop in general is less than 3 ®C. A total of S8S kWe gross and a 
net of 410 kW. power is obtained finm all the four loops The 
vohage obtained is around 7.3 V with 80 kA current The total 
tbennal heat requiitd for the loops is 4.28 MW which includes 
thermal losses in the entire system. The net efficiency from 
ihennaJ to dedriGal is 9.7 % . The average void fraction in the 
riser for each loop is given in the table. For the optimized flow 
tales, muhibubUe legime is abaent and the flow is enurely 
chumtuibttlent except new the exit of the riser in loop I and 2 
wiiere slug flow is present The average values of Fo and FVM W 
also compared in the table. In general FQ IS three orders larger 
than FVM However in loop-4, it is only two orders larger and this 
IS due to large void fiaction. In loop-4, the pressure losses due to 
acceleration (APjcg- m\ (u|in -ujout VA) is large because near the 
separator enHance the void fiaction is very large 
CONCLUSIONS 
A unique Solar / Waste heat coupled LMMHD PC has been 
designed. A two-fluid model is developed for determining various 
parameters in die riser of the loop The model takes in to 
consideration muhibubble, chumtuibulent and slug flow regimes 
Based on diis code, optunum fluid flow rates and geometry of the 
riser have been detomined. The system designed requires 4 28 
MW of solar and waste heat and generates 410 kW of net electncal 
power with an efficiency of 9 7% 
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Abstract 
Liquid metal magnetohydrodynamic power converters (LMMHD PC) have been recently proposed 
for electncal power generation These systems contain two-phase vertical flows consistmg of high density 
liquid metals and suitable gas-vapor Optimum design of LMMHD power plants require accurate 
modeling of two-phase flows in the riser A two-fluid model has been developed for this purpose One-
dimensional, steady state two-fluid flow equations consisting of conservation of mass, momentum of 
each phase along with auxiliary relations have been solved numencally by the Runge-Kutta method 
Interfacial drag force corresponding to multi-bubble, churn turbulent and slug flow based on Ishu et al 
and Taitel classification has been used Effect of variation of void fraction and phase velocities of the 
fluids across the cross section of the pipe has been studied based on Ishii et al model by modifying 
relative velocity and incorporating appropriate coefficients in the conservation equations Bubble size at 
the mixer orifice exit has been calculated using the equations of Kumar et al In order to venfy the 
accuracy of the model, a nitrogen-mercury experimental system has been set up Void profiles have been 
measured using gamma-ray attenuation method Void fraction, slip and pressure at different locations 
were determined for the mass fluxes varying from 0 125 to 2 302 kg/sm^ for nitrogen and 5 52 x 10^  to 
12 26 X 10^  kg/sm^ for mercury The predicted values have been compared with the experimental data 
The void fraction values matched well with the expenmental data within 10% and within 20% when 
cross-sectional effects were included The over all pressure values were within 13% and 8%, respectively, 
while the slip values deviated within 25% and 27''o, respectively In general, the model matched better 
with experimental data when the cross-sectional effects were not included This is due to the high density 
of the liquid metal and relatively larger pipe diameter £) 1998 Elsevier Science Ltd All rights reserved 
Keywords Bubble distribution Churn turbulent, Electrodynamic fluid. Gravity type. Jet flow. Liquid metal MHD 
Mercury-nitrogen Mixer Multi bubble. Power conversion. Separator, Slug, Thermodynamic fluid. Two-fluid flow 
Two-phase, Void fraction 
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1. Introduction 
Liquid metal magneto hydrodynamic power converters (LMMHD PC) of gravity type have 
been recently proposed for electrical power generation as an alternate to turbine route for 
various heat sources, i.e. fossil, solar, nuclear and industrial waste etc. (Branover, 1993; Barak 
et al., 1990; Satyamurthy et al., 1995). In these systems, two-phase flows consisting of steam 
and high density liquid metal (lead, lead-bismuth alloy etc.) take place in the riser pipe and 
liquid metal flow in the downcomer pipe containing MHD generator. The LMMHD PC have 
large conversion efficiency in view of isothermal expansion in the riser pipe (as against 
adiabatic expansion of steam in turbine of Rankine cycle). A cogeneration LMMHD system 
based on fossil fuel is at an advanced stage of commercialization. 
However, to design a large size power system as well as improve the conversion efficiency, 
basic studies, both experimental and theoretical are required to be carried out in these systems. 
The areas of interest are two-phase flows in the riser pipe with the void fraction varying from 
^0.1 near the mixer exit to ^0.8 at the separator entrance. It is in the riser pipe that the 
mechanical work done by the vapor (isothermal expansion) is transferred to the liquid metal 
and decides the over all energy conversion. The pressure head, created due to density difference 
(which is a strong function of void fraction), is balanced against the pressure head due to 
MHD force, frictional pressure drop etc. The void distribution in the riser is decided by the 
interfacial drag force, virtual mass force etc. Accurate prediction of void fraction distribution 
in the riser is essential for designing the LMMHD PC systems. 
Various two-phase models based on air-water, steam-water and, to a limited extent, liquid 
metal are available. Most of the studies in two phase liquid metal flows have been confined to 
diff'usion model, where the two-phases are considered as a single fluid with empirical relation 
for void fraction (Serizawa and Michiyoshi, 1973; Dounan et al., 1985; Unger et al., 1986; El-
Boher et al., 1988). Even though the diff"usion model is simple, compared to the two-fluid 
model, many important characteristics of two-phase flow are lost (e.g. initial conditions of the 
mixer can not be incorporated in the flow, void fraction can not be determined explicitly from 
the equations etc.). For liquid metal two-phase flows, studies have been carried out with multi-
bubble two-fluid model (Mond and Sukoriansky, 1984; Eckert et al. 1993). However, the actual 
flow evolves from multi-bubble to churn-turbulent to slug flow along the riser. 
In this paper, a two-fluid model is developed based on the work of Ishii and others (Ishii 
and Zuber, 1979; Ishii and Mishima, 1984) and has been used for nitrogen-mercury two-phase 
upward vertical flows. The predicted void fraction, slip and pressure are compared with the 
experimental values. The applicability of this model for high density liquid metal two-phase 
flows has also been discussed. In view of this an LMMHD experimental facility consisting of 
nitrogen-mercury was set up. 
2. Experimental facility 
Nitrogen and mercury were chosen in view of their similar properties with lead/lead alloys 
and steam which have been proposed for commercial LMMHD PC as shown in Table 1. 
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Table 1 
Properties of thermod\namic and electrod\nainic fluids 
Parameters 
Densiiv (kg m ) 
Electrical Conduclivii> (S/m) 
Surface Tension (N m) 
ViscositN (kg ms) 
Viscosit) (kg ms) 
Electrod>namic 
Mcrcurx 
30 C 
1.355 X lO' 
1.016 X 10'' 
0.472 
0 155 X 10"-
Thermodynamic 
Nitrogen 
-30 C 
1.67 X 10-' 
fluids 
: fluids 
Lead 
-400 C 
1.050 X lO" 
1.020 X 10' 
0.462 
0.2141 X 10"-
Steam 
-400 C 
2.48 X 10"' 
lead-bismulh 
-200 C 
J 05 X lO-* 
1 058 X 10'' 
0 402 
0 2137 X 10"^ -
Schematic of the experimental facilit\ is shown in Fig. 1. The system consists of mixer, riser 
pipe, separator, downcomer pipe, MHD generator, diffuser etc. 
The mixer was made of stainless steel of 0.35 m length and internal diameter of 0.168 m and 
included 0.15 m of nozzle connecting the riser pipe as shown in Fig. 2. It also consisted of a 
pair of horizontal pipes of 20 mm NB. having in each 30 holes of 1.4 mm diameter distributed 
equally along the distributor length confined to the top half. The number of holes were decided 
such that the pressure drop in the distributor was less than 0.005 bar. 
Both riser and downcomer pipes were made up of stainless steel of internal diameter 
79.0 mm. Pressure transmitters were installed at four locations along the riser pipe (0.64, 1.93, 
2.69 and 3.48 m). In the riser at locations 1.1. and 2.8 m above the mixer, a gamma ray source 
along with the detector system was installed for measuring void fraction profiles using the 
gamma ray attenuation method (Thiyagarajan et al., 1995). The schematic of the measurement 
system is shown in Fig. 3. ^Co of activity 2775 MBq was used as gamma ray source and 1.33 
MeV photons were chosen for measurements. Radioactive source was placed in a lead 
container and a 3 mm diameter beam was obtained. The detector unit consisting of Nal(Tl) 
scintillator, photo multiplier tube and pre-amplifier, was connected to a gamma ra> 
spectrometer. The source and the detector were mounted on a horizontally movable platform 
so that the gamma ray beam could pass through various chord lengths of the cross-section of 
the pipe. The pulse height analyzer was set so that only 1.33 MeV energ> gamma rays were 
counted. The measurements were taken at various chord lengths corresponding to the counts 
when the pipe was filled with nitrogen only, mercury only and during the two-phase flow. 
Nitrogen was introduced into the mixer from the header at 6-7 kg/cm" pressure and was 
separated and let out to the ambient. Mercury alone flowed through the downcomer and the 
MHD generator. 
2.1. Method of void fraction determination 
Because of extreme complexity of two-phase flows, most of the well known empirical 
relations and models give area averaged void fractions. Since void fraction varies across the 
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1- Mixer 2 - Riser 3 - Separator 4 - Downconer 
5 - Transitional pieces 6 - MHD generator 8. Magnet 
7- Dunp tank 8- Nitrogen cylinders 
Fig I. Schematic of the nitrogen-mercury LMMHD experimental facility 
cross-section of the pipe, to detennine averaged void fraction, void fraction profiles as a 
function of radial distance should be determined. This was determined as follows. 
The cross-section of the two-phase flow in the pipe was assumed to have a number of 
circular zones having uniform void fraction in each zone as shown in the Fig. 4. Assuming ';JI' 
circular zones of void fractions ai, a2, as, . . . , a^ , ..., a„, which were to be determined, let /?i, 
^2, ^^3 • ••: A' • • •» Pn be the measured void fractions at the various chord lengths. Then we 
have: 
m J 
;=1 ^' 
(1) 
where c, was the total path length for the gamma ray at the fth chord length and d,j was the 
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Fig. 2. Details of the mixer. 
length of the yth zone intercepted by the gamma ray bean at the /th chord length. ^,s were 
obtained from measured gamma ray intensities at the /th chord with gas alone (/,.g), with liquid 
metal alone (/,,i) and when two-phase flow was present (/,,,) and are given by 
HI,x/h) 
^' ln(/,g//,,)' 
Let E be the error function defined as follows 
2 
(2) 
"'-(P'-U") (3) 
The minimization of E with respect to the m parameters of aj, a2, as, •••, Xj, ...,a„ gives a set 
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Fig. 3. Schematic of the void fraction measurement system. 
of 'm' linear equations. Using the measured values of ^i, ^2. /?3' ••, Pi, •••, Pn, the values of a 
were obtained. In a typical experiment, the number of chords chosen was 38 with 2.0 mm 
spacing and seven zones were assumed. From the void fraction profiles, the area averaged void 
fraction was determined. The beam diameter (3 mm) was chosen so that finite beam errors 
were negligible (Satyamurthy et al., 1994) besides obtaining a large number of zones. Number 
of counts were taken in excess of 6000 for every measurement so that statistical fluctuations 
were negligible (<1.5%) (Munshi and Vaidya, 1993). In addition, dynamic void fluctuation 
corrections were estimated to determine the error range in the analysis (Thiyagarajan et al., 
1991). 
3. Flow modeling 
3.1. Gas flow through the orifice of the mixer 
The type of the bubble generated in the mixer is very crucial for the overall power 
conversion. Ideally, the larger number of bubbles for a given flow rate, the better it is. This 
increases drag force, thus reducing the slip and increasing the void fraction. As described 
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Fig. 4. Scheme for the measurement of void fraction profile. 
earlier, the mixer distributor used in our facility consisted of 60 holes of 1.4 mm diameter. The 
nitrogen gas at the exit of the orifice of the distributor could come out either as a bubble or as 
a turbulent jet depending upon the flow rate. The jet consists of large, closely spaced irregular 
bubbles with swirling motion. These bubbles disintegrate into smaller ones of random 
distribution. No detailed studies have been carried out for liquid metal-gas flows to study 
bubble size distribution. In view of this, bubble diameters for various gas flows have been 
determined by using Kumar et al. (1976) relations as given below. These relations are based on 
the experiments carried out with air-water/kerosene/glycerol. 
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Dh 
Db 
Db 
Table 2 
Effective bubble diameter for various gas 
nigXlO' 
Ikg/s] 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
= 1.56(A^^r) 
=0.32(<^") 
=\m{Nt') 
1 2:,z)2 
(PI - Pg)^ 
Si^'h 
( P i - P g ) 5 
^iH 
(PI - Pg)^ 
1/4 
1/4 
1/4 
for 1 < NRe< 
flow-rates 
10 
for 10 < NRe < 2100 
for 4000 <NMe < 70 000, 
[mm] 
7.8 
10.2 
7.4 
5.7 
4.8 
4.4 
4.0 
(4a) 
(4b) 
(4c) 
where Db is the bubble diameter, Ii is the surface tension of the liquid, g is the acceleration 
due to gravity, D^ is the orifice diameter, NR^ is the gas Reynolds number based on orifice 
diameter. Eq. (4a) and (4b) predict increasing bubble diameter, while Eq. (4c) predicts 
monotonically decreasing bubble diameter with Nxe. Since no equation is available for N/ie 
between 2100 and 4000, appropriate interpolation has to be carried out. Based on the above 
equations, the Db for various flow rates were determined as shown in Table 2. These values 
were taken as initial bubble diameters for solving bubble momentum equation in the riser pipe. 
Pressure drop for the nitrogen flow in the orifice of the mixer was determined by assuming 
deep orifice approximation (Idelchik, 1980). The calculated pressure drop for the highest flow 
rate was around 0.005 bar. 
3.2. Two-fluid flow model 
A quasi one-dimensional steady state two fluid model, which explicitly takes into 
consideration gas momentum equation, has been developed. The following conservation and 
other auxiliary equations have been used. 
Liquid metal and gas continuity equations: 
p,Mi(l - OL)A = tin (5) 
PgMgtt^ = Wg, (6) 
where p, u, m are the density, velocity and mass flow rates, respectively. Subscripts 1 and g 
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correspond to liquid meial and gas, a is the area averaged void fraction and A is the internal 
cross-section area of the pipe. 
Combined two-phase momentum equation: 
dwg „ , dwi dP , ., , , ^ . /d^\f , (7) 
where z is the distance from the mixer exit, g is the acceleration due to gravity and P is the 
pressure. The last term is due to wall friction. It is determined by assuming the entire flow as 
that of liquid metal only and multiplying by the square of *io (two-phase multiplier) and is 
determined based on Friedel correlation (1979) as follows: 
^i=^i_x)'+x'^-^-L2Mx''\\-xf'')(^^T^ _^yy/^045^. 
where 
FT = ^. f^e = —;r, Pt = -T; ,, ^^— and O = :——, 
gDpr P,2i' ^' ^p,-h(l-AOPg A 
where X is the quality and D is the internal diameter of the pipe, ii is the viscosity, I is the 
surface tension and _/io, /go are the friction factors with liquid and gas properties, respectively, 
/lo is determined based on Colebrook equation (Giles, 1983) as follows: 
' = - 2 1 o g l T ^ + - F ^ | , (9) 
y/Ao 
I £ 2.51 \ 
where e is the internal surface roughness factor of the pipe and Nji^, is the Reynolds number of 
flow in the pipe. Similar equation is used for the gas. The frictional pressure drop assuming the 
flow to have liquid metal properties has been determined as follows: 
( 
dP\ ^B.fiom,-\-mgf 
d-Vfrio 'D5n2p, 
Momentum equation of the gas: 
dwo d/* Fn FvM 
where V^ is the effective bubble volume, and Fo and FVM are the interfacial drag force and 
virtual mass force, respectively. Wall shear stress term in the gas momentum equation has been 
neglected due to low void fraction near the wall (Thiyagarajan et al., 1995). Also the interfacial 
shear stress, which is a function of void fraction gradient is important only in annular flows 
and, hence, is not included (Ishii and Mishima, 1984). 
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Equation of state of the gas: 
P = P^RT, (11) 
where R is the gas constant and the temperature of gas/liquid, T, is assumed to be constant. 
Classification of the flow structure is determined based on Taitel et al. (1980) as follows. For 
void fraction (a) less than 0.25, the flow is assumed to be in the multi-bubble regime. Beyond 
that, the flow is chum-turbulent or slug depending upon whether z is less than the entrance 
length '/E' or not. The interfacial drag force is determined based on Ishii and Mishima work. 
For the multi-bubble regime, the drag force is determined as follows: 
/g(p|-pg)|l +17.67(1-g) 
2i i 18.67(1-a) 
,9/7 T^ 
FD = 0.5p, VbJ '^ "^"'l ; „ , ; , ; /s I ("8 - «i) I «g - "1 I • (12a) 
When a is greater than 0.25 and z is less than entrance length /E, then flow is churn turbulent 
and the drag force is given by 
FD = (4/3)p,^d(l - a)'("B - «i) I "g - "I I. (12b) 
where A^ is the projected area of the bubble. The entrance length /E is defined as: 
and for the slug flow, the drag force is given by 
FD = 4.9p,yld(l - a)'(«g - ui) I Ug - u, | . (12c) 
The virtual mass force (FVM) is determined from the following equation developed for multi-
bubble flow by Zuber (1964). For all regimes of the flow, FVM was found to be two or more 
orders less than the drag force and hence the flow was insensitive to it (Lahey et al., 1980). In 
view of this, the same relation is used for all the regimes. 
V^M = 0-5 Y T ^ ^'bP,«g^("g - ui). (13) 
3.3. Effect of cross-sectional variation 
Ishii and Mishima have proposed that under the following conditions, the pipe diameter 
should be considered small. 
« < 7 r and jo ^ — - > a - 0 . 1 , 
where ^ g is gas volumetric flux and Q is given by 
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Table 3 
Flow rates and mass fluxes of nitrogen and mercury 
WgxlO' Gg wi G|xlO ' 
[kg/s] [kg/sm^] [kg/s] [kg'sm-] 
26.4 5.52 
28.9 6.05 
35.3 7.39 
43.0 9.0 
48.0 10.05 
54.8 11.47 
58.6 12.26 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
Co = 1.2-
0.13 
0.27 
0.52 
0.98 
1.47 
1.88 
2.30 
-0.2 & 
VPi 
When the above conditions are satisfied, the cross-sectional variation of a and phase velocities 
should be taken into consideration by modifying the relative velocities of the phases as follows: 
(Mg-« , )=^ i f^ («g-CoMl) . (14) 
1 — Ot 
The flow and geometry of our experimental system did not satisfy the above equations except 
at very low gas flow rate and near the mixer entrance. This is primarily due to the large density 
of mercury. However, analysis has been done for both with and without cross-sectional 
variation effects and compared with the experimental values. The above equations were 
simplified algebraically and the modified non-linear equations were solved by 4th order Runge-
Kutta method. 
4. Experiment and analysis 
Two-phase flow parameter have been calculated with the measured gas and liquid metal flow 
rates and mixer pressure as inputs. Experiments were carried out for various flow rates and 
corresponding mass fluxes as summarized in Table 3. Mercury flow rate was measured from 
open circuit voltage of the MHD generator and that of nitrogen by rotameter and pressure 
gauge near the mixer entrance. Mixer entrance pressure is determined by subtracting 
appropriate pressure drop in the entrance pipe line and in the orifice. Two phase parameters in 
the riser have been calculated based on measured flow rates of mercury and nitrogen using the 
above equations. 
4.1. Two-phase flow in the riser 
For low nitrogen flow rates and the corresponding mercury flow rates, the void exhibits 
oscillating profile as a function of radial coordinate at both locations as shown in Fig. 5. Also 
there is a significant asymmetry between the left and the right profiles. In view of this, spread 
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0.2 n 
d 0.1 -
Sym. Nitrogen flow rate 
(g / * ) 
« 0.6 
• 13 
+ 2.5 
Mercury flow Rate 
(kg/«) 
26.4 
28.9 
3S.2 
Fig. 5. Measured void fraction profiles for low gas flow rates at two locations in the riser, (a) Z= 1.1 m; (b) Z - 2.8 m. 
in the void profile is not explicitly shown in the figure. Further, the flow does not appear to be 
fully developed in view of low volumetric gas flow rates (Neal and Bankofi", 1965). However, at 
flow rates above 4.7 g/s, the void profile exhibits monotonic variation with maximum value at 
the center. In Fig. 6, void profiles measured at locations 1.1 and 2.8 m have been plotted for 
various nitrogen flow rates above 4.7 g/s. The bars show variation in the right half and left half 
void values. Further, it is found that at 2.8 m, the profiles are found to be more symmetric 
with respect to the right and left side as compared to those at the 1.1 m location. This could be 
due to the absence of cylindrical symmetry in the mixer distributor and also due to the residual 
entrance effect at 1.1 m distance. From the profiles of the void fraction, area averaged void 
fraction is calculated. 
The error range in the void values is estimated to be around 15% which is based on the 
repeatabihty, difference in left and right side measurements, dynamic fluctuations, error in the 
liquid metal and gas flow rates etc. The slip values are calculated from the measured void 
fraction, flow rates of gas and liquid metal and pressure using the following relation obtained 
from mass conservation equations of the fluids. 
mipgVa / 
(15) 
Predicted void fraction and pressure profiles corresponding the measured fluid flow rates have 
been .plotted in Fig. 7. Cross-sectional effects are shown in the Fig. 7(b). The measured void 
fraction and slip along with the predicted values without and with cross-sectional variation 
effects are summarized in Table 4. In general, the void fraction is less when cross-sectional 
variations are included (the corresponding slip values are larger). The maximum deviation 
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Radiol Distance (cm) 
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o 4.7 
A 7.0 
X 9.0 
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54.B 
58.6 
2 4 
Rodial Distance (cm) 
Fig. 6. Measured void fraction profiles for higher gas flow rates at two locations in the riser, (a) Z = l . l m; 
(b )Z=2 .8m. 
Table 4 
Comparison of experimental void fraction and slip with the theoretical models 
mgXlO^ 
Ikg/s] 
Z = 1.1m 
2.5 
4.7 
7.0 
9.0 
11.0 
Z = 2.8m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 • 
11.0 
m. 
Ikg/s] 
35.3 
43.0 
48.8 
54.8 
58.6 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
a 
0.11 
0.18 
0.23 
0.27 
0.30 
0.06 
0.10 
0.17 
0.25 
0.31 
0.36 
0.40 
a« 
0.10 
0.16 
0.20 
0.23 
0.26 
0.05 
0.10 
0.15 
0.23 
0.27 
0.31 
0.35 
a 
[exptl] 
0.15 
0.20 
0.25 
0.29 
0.32 
0.03 
0.07 
0.18 
0.26 
0.31 
0.36 
0.40 
S 
1.3 
1.2 
1.2 
1.2 
1.1 
1.4 
1.3 
1.2 
1.2 
1.2 
1.2 
1.1 
5„ 
1.5 
1.5 
1.4 
1.4 
1.4 
1.6 
1.6 
1.5 
1.5 
1.5 
1.5 
1.5 
S 
[exptl] 
1.2 
1.0 
1.2 
1.1 
1.2 
1.8 
1.1 
1.8 
1.3 
1.5 
1.6 
1.4 
cs: cross-sectional variations accounted. 
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Fig. 7. Predicted pressure and void fraction variation along the riser length, (a) Without cross-sectional effects; (b) 
with cross-sectional effects. 
between the experimental and the theoretical values is less than 10% and is less than 20% 
when the cross-sectional variations are included. Calculated slip value based on the 
experimental void fraction for 4.7 g/s are .v = 1.1 m is around 1.0, which is low and can be 
attributed to the experimental error in the void fraction measurement. The deviation for the 
same flow rate between the experimental slip and the predicted value if 20% and is 50% when 
the cross-sectional effects are included. For the 2.5 g/s flow rate at .v = 2.8 m, the deviation 
between the experimental slip and the predicted value if 33% when cross-sectional effects are 
not included and is 17% with cross sectional effects. For the rest of the flows, the maximum 
deviation is less than 25% and 27% , respectively, without and with the cross-sectional effects. 
The measured pressure data are compared with the predicted values in Table 5. As can be 
seen, for 11.0 g/s flow rate at 3.48 m location, the maximum deviation is 22% and is 13% 
when cross-sectional effects are included. For the rest of the data, the maximum deviation is 
less than 13% and when the cross-sectional effects are included, it is less than 8%. 
5. Summary and conclusion 
A two fluid model consisting of one-dimensional continuity equations for gas-vapor and 
liquid metal, gas-vapor momentum equation, combined momentum equation along with the 
auxiliary equations has been developed for vertical two-phase upward high density liquid metal 
Table 5 
Comparison 
ntgXlO' 
[kg/s] 
Z = 0.64 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
Z = 1.93 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
Z = 2.69 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
Z = 3.48 m 
0.6 
1.3 
2.5 
4.7 
7.0 
9.0 
11.0 
P. Satyamurlhy el al. 
of predicted and measured 
W| 
[kg/s] 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
26.4 
28.9 
35.3 
43.0 
48.8 
54.8 
58.6 
International Journal 
pressure values 
P 
[bar] 
5.84 
5.76 
5.69 
5.43 
5.34 
5.14 
5.03 
4.19 
4.17 
4.17 
4.02 
4.01 
3.85 
3.79 
3.23 
3.25 
3.31 
3.23 
3.27 
3.14 
2.25 
2.32 
2.45 
2.45 
2.53 
2.45 
2.44 
of Multiphase Flow 24 (I9<^ 
' CS 
[bar] 
5.83 
5.76 
5.68 
5.41 
5.33 
5.13 
5.03 
4.18 
4.15 
4.13 
3.95 
3.94 
3.78 
3.71 
3.21 
3.21 
3.25 
3.13 
3.15 
3.02 
2.23 
2.27 
2.36 
2.32 
2.38 
2.27 
2.26 
'SI 721-737 
P(e\pt\) 
[bar] 
5.93 
5.85 
5.74 
5.59 
5.39 
5.22 
4.81 
4.29 
4.22 
4.12 
3.97 
3.82 
3.73 
3.43 
3.32 
3.24 
3.14 
3.14 
3.04 
2.84 
2.34 
2.35 
2.30 
2.25 
2.21 
2.16 
1.87 
735 
cs: cross-sectional variations accounted. 
flows. The flow regimes consisting of multi-bubble, churn turbulent and slug have been 
classified based on the Taitel et al. criteria. The interfacial drag force based on Ishii et al. has 
been used. Bubble diameters at the mixer distributor were calculated using Kumar et al. 
relations. Two sets of analysis have been carried out, i.e. with and without cross-sectional 
effects. Experiments were carried out in a nitrogen-mercury system and the void fraction, slip 
and pressure were determined for the mass fluxes varying from 0.125 to 2.302 kg/sm^ for 
nitrogen and 5.52 x lO' to 12.26 x 10^  kg/sm^ for mercury. Over all, measured void fraction 
matched well with the experimental data within 10% and the slip values within 25%. When the 
cross sectional effects are included, the maximum deviation is around 20% and 27% 
^36 P Sanamtirth) el al liiicnuitional Journal of Miiliiphaic Flow 24(1998} 721-737 
respectively. In general, the measured pressure values deviated by less than 13% and by less 
than 8% when the cross-sectional effects are included. 
Considering the errors in the experimental data, we can conclude that the model which does 
not include the cross-sectional effects predicts reasonably well the vertical two-phase high 
density liquid metal flows in the above mass flux ranges. This model can be used for designing 
the riser of the LMMHD PC systems of gravity type. 
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Abstract 
Liquid metal magnetohydrodynamic power conversion (LMMHD PC) systems have been recently 
proposed for electrical power generation for various heat sources. These systems are based on extension 
of the Faraday law of induction to liquid metal. They contain high density liquid metal and a suitable 
thermodynamic fluid. A unique solar and waste heat coupled demonstration plant has been designed for 
generation of hydrogen. A steady-state two-fluid model, consisting of a one-dimensional continuity 
equation for each phase, combined momentum equation, vapour momentum equation and appropriate 
drag force for multibubble, churn-turbulent and slug flow along with the virtual mass force and related 
transport and thermodynamic relations, have been used to determine various two-phase parameters in 
the riser. Electrodynamic equations have been solved for the MHD generator. End losses due to 
recirculating currents at the entrance and exit of the generator have been taken into account. Single fluid 
equations in the rest of the loop have been solved. Liquid metal lead and lead bismuth have been 
chosen as the electrodynamic fluid and steam as the thermodynamic fluid. Extensive optimization of 
various parameters, like geometry, fluid flow rates, electrical parameters etc., have been performed to 
design the LMMHD PC system. The optimized system consists of two loops of LMMHD—Loop 1 
operating with lead at 350°C and loop 2 operating with lead-bismuth (25% of bismuth) at 215 C. 
Steam at 430°C enters loop 1 after receiving thermal energy of 2.5 MW from the regenerator, solar 
tower and incinerator waste heat. Net electrical power of 230 kW is generated by the system. The net 
efficiency of conversion from thermal to electrical is 9.2 % with a voltage of 3.4 V and current of 84 kA. 
C 1999 Elsevier Science Ltd. All rights reserved. 
Keywords: Liquid metal; Magnetohydrodynamic power generator; Thermodynamic fluid; Solar receiver; Waste heat; 
Two-fluid model; Conversion efficiency; Electrical power generation 
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Nomenclature 
A 
B 
C 
Cp-
Z)h 
F 
g 
h 
H 
J 
J. 
k 
I 
k 
m 
P 
rb 
rd 
R 
T 
u 
W| 
" v 
V 
Vb 
M' 
X 
y 
•7 
Greek symbols 
a 
<t> 
P 
2:, 
a 
A/*mhd 
cross-sectional area of pipe (m") 
magnetic field intensity (T) 
drag coefficient (dimensionless) 
specific heat of liquid metal (J/kg K) 
bubble diameter at mixer exit (m) 
orifice hole diameter (m) 
Force (N) 
acceleration due to gravity (m/s") 
distance between electrodes (m) 
height (m) 
current density in j'-direction (A/m^) 
current density in ^direction (A/m^) 
load factor 
electrode length (m) 
entrance length (m) 
magnetic field decay length (m) 
Mass flow rate (kg/s) 
electrical power in MHD generator (kW) 
Reynolds number of vapour at mixer orifice 
pressure (Pa) 
bubble radius (m) 
drag radius (m) 
electrical resistance (Q) 
temperature (K) 
average velocity of liquid metal in MHD generator (m/s) 
velocity of liquid metal in riser (m/s) 
velocity of vapour in riser (m/s) 
voltage (V) 
volume of bubble (m"^ ) 
width of electrode (m) 
distance along direction perpendicular to electrode surface (m) 
distance along direction parallel to electrode surface (m) 
distance from mixer exit (m) 
void fraction (dimensionless) 
electrical potential (V) 
two-phase pressure correlation coefficient (dimensionless) 
zld 
density (kg/m^) 
surface tension of liquid metal (N/m) 
electrical conductivity (S/m) 
pressure drop due to MHD forces 
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Subscripts 
D 
fr 
frlo 
in 
1 
L 
t 
V 
VM 
0 
1 
2 
3 
4 
5 
drag 
friction 
friction with liquid only 
internal resistance 
liquid metal 
external resistance 
two-phase 
vapour 
virtual mass 
centre of MHD generator 
mixer 
separator inlet 
separator outlet 
generator entrance 
generator exit 
1. Introduction 
Liquid Metal MagnetoHydroDynamic power converters (LMMHD PC) have been recently 
proposed for a variety of low temperature and low heat sources [1-3]. These systems are based 
on the extension of Faraday's law of induction to liquid metal and have superior 
thermodynamic cycle efficiencies as compared to conventional turbines. Intense research is 
being conducted at different institutions to understand various phenomena associated with 
these systems and to develop the technology for commercial use. At the Centre for MHD in 
Israel, many experimental systems have been built, including a 300 kWe demonstration plant 
using steam and lead. Based on the data from this system, presently, a 3.5 MWe cogeneration 
power plant using fossil fuel has been designed [I]. Detailed techno-economic studies indicate 
that fossil-fuel-based cogeneration LMMHD plants in the range of 1 MWe to 20 MWe, with 
current technology, compete very well with conventional turbine plants. These systems are 
most suitable as captive power plants. In addition to cheaper electrical power generation, these 
systems are modular, simple and reliable, since no moving component is there (except for the 
feeder water pump). In the case of the cogeneration plant, there are additional advantages, like 
changing the ratio of electric power and process heat. The main disadvantage of the system is 
that the voltages are low (tens of volts for a 3.5 MWe system), and hence, inverters are 
required for AC conversion. Alternatively, DC power can be directly utilized in aluminium 
plants or generation of hydrogen etc. 
Research is being conducted at various institutions all over the world for generation of 
electricity from solar energy by the solar tower route as an alternative to photo cells [4-6]. In 
this scheme, a central receiver, consisting of a heat exchanger on top of a tower, receives 
concentrated solar energy reflected from a large number of mirrors called heliostats which are 
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arranged around the tower. A suitable fluid, i.e. water air/molten salt sodium etc. is passed 
through the heat exchanger and absorbs the heat. Depending upon the scheme, either the 
steam is directly passed through a turbine or, alternatively a heat exchanger is used for 
transferring the heat from the air or molten salt to water/steam, which in turn passes through 
the turbine for electrical power generation. 
A unique solar and waste heat coupled LMMHD PC demonstration plant in the range of 
250 to 500 kWe has been proposed [7]. The system consists of a large number of heliostats 
focusing solar radiation on a heat e.xchanger situated on the tower. The heat is transferred to 
water which is converted to saturated steam. Using additional heat from an incinerator heat 
source, the steam is super heated. Electricity/hydrogen is generated by passing the steam 
through the LMMHD PC. In order to design the LMMHD PC, suitable for the above heat 
sources, two-phase flow equations in the riser, electrodynamic equation in the MHD generator 
etc. have been solved, and various parameters have been optimized. These details are presented 
in this paper. No details of the solar tower or other auxiliary equipment (regenerator, 
incinerator waste, pump etc.) are given, and they are beyond the scope of this paper. 
2. Basic principle of LMMHD power conversion system 
The system requires two fluids, i.e. thermodynamic and electrodynamic (liquid metal). 
Depending upon the temperature of the heat source, various combinations of these fluids are 
chosen. The schematic of the system is shown in Fig. 1. The system consists of the mixer, riser, 
separator, downcomer, MHD generator (MHD channel and magnet), condenser, feeder pump 
etc. Heat energy is added either to the thermodynamic fluid or liquid metal or to both of them, 
depending upon the heat source. The thermodynamic fluid (vapour or liquid form) enters the 
VAPOUR 
SEPARATOR 
m K o » -4 
IE 
HEAT EXCHANGER-2 
Fig. J. Schematic of the basic LMMHD generator loop. 
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mixer at appropriate pressure. The thermodynamic fluid is fully converted to vapour (in case it 
enters as liquid) in the mixer. A two-phase flow is created in the riser due to the density 
difference between the riser and downcomer. This circulates the liquid metal in the loop and 
creates a pressure head. The vapour expands in the riser and is separated from the liquid metal 
in the separator. The separated vapour either enters another LMMHD basic loop operating at 
a lower pressure or a condenser. The liquid metal alone flows through the downcomer, MHD 
generator (where electrical power is obtained) and back to the mixer, thus completing the loop. 
The MHD generator consists of a rectangular channel, with one pair of opposite sides acting 
as electrodes and the other pair as an insulating wall. The magnetic field is applied 
perpendicular to the flow direction as well as the insulator surface. The pressure head created 
due to the density difference is balanced against the MHD force, frictional pressure drop etc. 
The work done against the MHD force is converted into electrical power in the generator. The 
vapour which enters the condenser is condensed and pumped back to the mixer after adding 
the required heat energy (the balance of the heat is transferred to liquid metal at the 
appropriate location in the loop). 
In the riser, the vapour expands isothermally (unlike adiabatic expansion in the case of a 
turbine), since it takes the heat from the liquid metal (liquid metal acts as a heat reservoir due 
to the large flow rate as compared to vapour). This leads to a superior thermodynamic cycle. 
In the actual system, in the riser, there are losses associated with the slip between the vapour 
and liquid metal, two-phase, single-phase frictional pressure losses etc. In addition, there are 
losses associated with the MHD generator, like end current losses, joule dissipation etc. For 
accurate design of the LMMHD PC, all these aspects have to be taken into consideration. 
3. Modelling of the flow 
3.1. Mixer 
In the mixer, the thermodynamic fluid comes into contact with the liquid metal, either in the 
liquid phase or vapour phase. In the case of a LMMHD PC suitable for solar heat, it is found 
that giving all the required heat to the thermodynamic fluid is more efficient [7]. Under this 
condition, the thermodynamic fluid, i.e. water, enters the mixer as superheated steam. Hence, 
in this paper, the modelling of the flow in the mixer is performed assuming that steam enters 
the mixer. A large number of holes of small diameter in the distributor of a mixer is ideal. This 
decreases the frictional pressure drop, while the smaller bubbles increase the interfacial drag. 
Ideally, porous mixers are the best, since the hole size is as small as 10 /im and the number of 
holes is almost unlimited. The main disadvantage of a porous mixer is the possibility of the 
holes getting choked due to the presence of dust particles, impurities etc. In view of this, the 
proposed mixer consists of a large number of holes of around 1.5 mm diameter drilled on the 
distributor of the mixer. The type of bubble that is generated in the mixer is very crucial for 
over all power conversion. Depending upon the flow rate of the vapour and the mixer holes, 
either bubble flow or jet flow takes place near the exit of the distributor. The jet consists of 
large, closely spaced irregular bubbles with a swirling motion. These bubbles disintegrate into 
smaller ones of random distribution. No detailed studies have been performed for liquid 
918 P. Saiyamurthy ei al. / Energy Conversion & Management 40 (1999) 913-935 
metal-vapour flows to study bubble size distribution. In view of this, bubble diameters for 
various vapour flows have been determined by using the Kumar et al relations given below [8]. 
D , = 1.56(<f«){ ^ i ^ h 
(pi - Pvk 
1/4 
for 1 < A^Re < 10 (1) 
' ' - ' ' • " « = ' ) | ( ^ 
1/4 
for 10 < ^Re < 2100 (2) 
Db = 100(NR«^) ^i^'h 
(Pi - P.)g 
1/4 
for 4000 < iVRe < 70,000 (3) 
where Db is the bubble diameter, Nn^ is the vapour Reynolds number at the orifice, I\ is the 
surface tension of the liquid metal, g is the acceleration due to gravity and D^ is the orifice 
diameter. The first and second equations predict increasing bubble diameter with V^RC while the 
third predicts monotonically decreasing bubble diameter. Since no equation is available 
between 2100 and 4000 of A^ Rg, Eq. (3) has been used in this range also. 
In addition, the mixer is assumed ideal, and the exit pressure and temperature of the two 
fluids are assumed as Pi and 7"i (subscript number indicates the location (see Fig. 1)). P\ is 
determined by accounting for the pressure drop in the mixer distributor and Tx from the over 
all heat supplied to the vapour and the mass flow rates. 
3.2. Riser 
Various two-phase models based on air-water, steam-water and, to a limited extent, liquid 
metal are available. Most of the studies in two-phase liquid metal flows have been confined to 
the diffusion (mixture) model, where the two phases are considered as a single fluid with an 
empirical relation for the void fraction [9-12]. Even though the diflusion model is simple 
compared to the two-fluid model, many important characteristics of two-phase flow are lost 
(e.g. initial conditions of the mixer cannot be incorporated in the flow; void fraction cannot be 
determined explicitly from the equations etc.). For liquid metal two-phase flows, Mond and 
Sukoriansky [13] and Eckert et al. [14] have studied the flow by a two-fluid model with 
multibubble assumptions. However, the actual flow evolves from multibubble to chum-
turbulent to slug flow along the riser. 
In this paper, a two-fluid model which explicitly takes into consideration the vapour 
momentum equation and various flow regimes has been used. The details of the model are 
presented in Ref. [15]. 
3.2.1. Two-fluid fiow 
A quasi one-dimensional steady-state two-fluid model which explicitly takes into 
consideration the vapour momentum equation has been used. The following conservation and 
other auxiliary equations have been used. 
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Liquid metal and vapour continuity equation 
PiMi(l -a)A =m\ (4) 
p^Uy(xA=m,/ (5) 
where p\ and p^ are the densities of liquid metal and vapour, M| and MV are the velocities of 
liquid metal and vapour, riii and ihy are the mass flow rates of liquid metal and vapour, a is 
the area averaged void fraction and A is the cross-section area of the pipe. 
Combined two-phase momentum equation 
dwv ,, , dM| dP , , , . 1 W.2 / d ^ \ 
^pyU, — + il -a)p,Mi — = - — - { a p ^ - | - ( l -x)P\]g-^fo[-^] (6) friO 
where the last term is due to wall friction, r is the distance from the mixer exit, P is the 
pressure and <P\o is the two-phase multiplier of frictional pressure drop and is determined based 
on the Friedel correlation [16]. 
Momentum equation of the vapour 
d , , dP F o F\M .-J. 
P v « v ^ ( « v ) = - ^ - P v ^ - ^ - ^ (7) 
where V^, is the average bubble volume. FQ and FVM are the interfacial drag force and virtual 
mass force, respectively. The wall shear stress term in the vapour momentum equation has 
been neglected due to the low void fraction near the walls [17]. Also, the interfacial shear 
stress, which is a function of void fraction gradient, is important only in annular flows, and 
hence, is not included in the vapour momentum equation [18]. 
Equation of state of the vapour 
p, = p,iP, TJ (8) 
where Tt is the temf>erature of the vapour. The density of the vapour is determined from 
thermodynamic tables. 
The classification of flow structure is determined based on Taitel et al. [5] as follows: For 
void fraction (a) less than 0.25, the flow is assumed to be in the multibubble regime. Beyond 
that, the flow is churn-turbulent or slug depending upon whether : is less than the entrance 
length " / E " or not. The interfacial drag force is determined based on the Ishii and Mishima 
and Ishii and Zuber work [18,19]. 
For the multibubble regime, the drag force is determined as follows: 
'g(p,-p,) 1 + 17.68(1-g)*^/^-^ 
" ^ - j 18.67(1-a)- ) "^^  - '"^'"^ - "'' ^'^ 
where rj is the drag radius of the bubble and is determined from interfacial area [17]. 
When 3t is greater than 0.25 and : is less than the entrance length 1^. the flow is churn-
turbulent and the drag force is given by 
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FD = (8/6)p,;t/i(l - a)2(Mv - MI)|WV - "il (10) 
/E is defined as 
1 = 40.6 a«v + ( l -«)« i^Q_22 (11) 
and for the slug flow, the drag force is given by 
FD = 4.9p,7rr5(l - oi)\u, - u,)|«v - "il- (12) 
The virtual mass force is determined from the following equation. The virtual mass force is 
found to be two to three orders less than the drag force, and the flow was insensitive to the 
virtual mass force [13]. In view of this, the same relation is used for all regimes. 
« . f l + 2 a l „ d , 
fvM =0.5 -j—^[Fbp|Mv^(Mv-«l). (13) 
In general, cross-sectional variations in a, MV and u\ modify the momentum equations as well 
as the drag force. However, since the diameter of the pipes and the density of liquid metal is 
large, these effects are negligible [18]. 
The above conservation equations are algebraically modified and solved by the fourth order 
Runge-Kutta method starting from the mixer exit with appropriate initial conditions. The 
separator entrance pressure is determined from the solution obtained from the above equations 
as follows: 
—© (14) 
where Pi is the mixer exit pressure. 
The conservation of energy equation is not explicitly solved since the expected temperature 
drop during expansion is very small (< 3°C). The temperature in the riser is assumed constant. 
The separator temperature is determined as follows: 
my,RT[ In 
( ^ ) T2 = Ti . r • (15) 
Since the flow rate of liquid metal is very large (> 10"^  times), the change in the heat content of 
the vapour mass is neglected in the denominator of the above equation. Cpi is the specific heat 
of the liquid metal. Overall heat losses have been separately estimated and accounted for in the 
thermal power requirements. 
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3.3. Scparalor 
The two phases are separated in the separator b\ gravitational force. The design of the 
separator should be such that the phase separation is complete, and no vapour enters the 
downcomer. In case of vapour entering the downcomer. the overall pressure head between the 
riser and downcomer decreases, leading to a reduction in efficiency. Also, the efficiency of the 
loop can marginally be increased by recovering the kinetic energy of the liquid metal at the 
entrance of the separator. This can be achieved by providing a difl'user at the entrance of the 
separator. In this paper, the separator is assumed ideal, and no carry under phenomenon is 
assumed. 
3.4. Downcomer 
In the downcomer, up to the transitional piece, standard single fluid equations for liquid 
metal have been used. The transitional pieces present at both ends of the MHD generator 
provide smoother transition of the flow from circular to rectangular and vice versa. The length 
of the transitional piece is optimized for minimum pressure loss using appropriate 
equations [20]. 
In the separator, the pressure at the inlet {P:^ and at the outlet (P3) are assumed the same, 
and the pressure at the entrance of the MHD generator is obtained as follows 
PA = P2-\- PigHi4 - APfru - APu (16) 
where 7/34 is the length of downcomer pipe and transitional piece (nozzle), APfr34 is the 
pressure loss in the downcomer and transitional piece due to friction and Af ,r is the pressure 
loss in the transitional pieces due to area variation. 
3.5. MHD generator 
The geometry, electrical load, magnetic field distribution, voltage and current should be 
determined in such a way that optimum electrical power output can be obtained. Some of the 
important losses that occur are (I) ohmic heating due to internal resistance in the generator 
and (2) recirculating end currents at the edges of the generator due to magnetic field flu.x 
decay, giving rise to power loss [21]. The internal power losses due to ohmic heating can be 
reduced as much as possible by operating at high load factor {k—*\). However, at large A:, end 
losses increase. In principle, the losses because of end currents can be reduced by introducing 
insulating vanes near the edges of the generator. The introduction of vanes gives rise to 
additional frictional pressure drop. A larger aspect ratio for a given power gives lower voltage 
and does not fully eliminate end losses. Therefore, the length and location of the vanes and the 
aspect ratio should be carefully determined. 
The method adopted here is to solve simplified equations without end losses and estimate 
losses due to end effects separately and correct for losses accordingly. The required equations 
for the design of the MHD generator are obtained from the MHD equations of continuity, 
momentum, energy and generalized Ohm's Jaw after the foDowing assumptions are made: 
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1. Change in the density and electrical conductivity due to the increase in temperature because 
of joule and frictional heating is negligible. 
2. M is the cross-sectional area averaged velocity (Judjcd>'/J dxdy). Since the area of cross-
section of the generator is constant, u does not change within the generator and the 
momentum equation essentially balances the pressure drop with the frictional pressure loss, 
MHD pressure drop and gravitational pressure head. 
3. End losses are negligible, i.e. no circulating currents are assimied (/: = 0). The current 
perpendicular to the electrode surface becomes uniform throughout the generator and is 
determined from Ohm's law. 
Because of these assumptions, the original differential equations reduce to the following 
algebraic .equations: 
APmhd = JBl = P^-P5 + pygH^s - APMS (17) 
V = kuBh (18) 
J = axuB{\-k) (19) 
k=X-^ll!^PgL (20) 
I=Jwl = — - — (21) 
Nmec =VI=rRL= (22) 
Pi 
/ 2o . 
75 = 7-4 + ^ - ^ . (23) 
m\Cp\ 
In Eq. (17), y is the current density in the >'-direction, B is the magnetic field intensity in the 
.v-direction and / is the length of the electrode along the flow. The pressure drop due to MHD 
forces (A/*n,hd) is expressed in terms of pressure at the exit of the generator (P5), pressure at 
the entrance of the generator (P4), gravitational pressure head due to generator height {p\ gH^^, 
where H^s is the total length of the generator which includes electrode length, flange thickness, 
balance length of the plate into which electrodes are inserted) and frictional pressure drop in 
the generator (APfr). Ps is determined from the mixer pressure (P\) after accounting for 
pressure losses in the transitional piece-2 (diff"user), difference in the gravitational pressure head 
(between mixer and generator), frictional pressure drop in the pipe lines connecting the MHD 
generator and mixer (this includes L-bends, diff'user to match riser and downcomer diameter 
etc.) [22]. In fact, for a given geometry and the flow rates, APmhd is determined from loop 
calculations. The MHD generator parameters /:(load factor given by ratio of voltage to open 
circuit voltage), B and J should be such that JBl satisfies Eq. (17). Any other value means 
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different flow conditions. Hence, for a given AP^hd^ only two variables can be varied among k, 
B and J such that the product gives the appropriate A/*n,hd- Eq- (18) gives the voltage in terms 
of k and open circuit voltage {uBh). In the absence of end losses, k is given by the ratio of 
external load to the sum of the internal and external loads. Eq. (20) is derived from the 
generalized Ohm's law. (T| is the electrical conductivity of the liquid metal. Using Eqs. (17)-
(19), Eqs. (20>-(22) are derived. / is the load current, A^EICC is the electrical power obtained and 
/?L is the external load. Eq. (23) gives the increase in liquid metal temperature due to joule 
heating. /?!„ (h/<T|u7i/) is the internal resistance of the generator. 
In order to estimate and optimize for end losses and to determine appropriate vane 
locations, the following potential equations based on the generalized Ohm's law and current 
continuity equations (after non-dimensionalizing) have been numerically solved by a relaxation 
method. The equations are solved for different k, with and without vanes, and for different 
decay lengths for B. In the case of vanes, the optimum location as well as length of vanes is 
determined. Fig. 2 gives the schematic of the coordinates of the system. Even though in the 
actual system, the cross-section of the flow changes beyond the generator, for simplicity in this 
model the flow cross-section is assumed constant. Brief details of the model are presented here 
and details can be found in Refs. [23,24]. 
The following potential equation is solved in the region shown in Fig. 2. Assuming 
symmetry, solutions in the other regions are obtained. 
9^0 ^ 
= 0 (24) 
(0,0<8h> 
<0,0,5.1h+l/2)| conputati onal 
otonain 
Fig. 2. Schematic of MHD generator and the coordinate system. 
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where ^ is the potential, 7^  is the current density along the flow direction. Eq. (25) is obtained 
from the generalized Ohm's law. In the absence of end currents, / . will be zero everywhere. 
The following boundary conditions have been used: 
(/) = —— for | 2 - z o l < 2 ^"^ y~^ ^^^^ 
^ = ^ for | . - . - o l > i and y = h (27) 
9v 2 2 
(^  = 0 for | r - r o | = 8/i (28) 
0 = 0 for No vane >» - >'o = 0 (29a) 
^ uBh 
dy 2 for Vane j - > o = 0 (29b) 
where y-Q, ZQ correspond to the center of the MHD channel. 
The magnetic field distribution is assumed to have the following properties: 
B = Ax for | r - r o l ^ ^ (30) 
B = 5e-<-"-''''/^.Y for |r - ZQI > ^ (31) 
where Le is magnetic field decay length. 
The voltage and current is obtained as follows: 
V=24> (32) 
1/2 1/2 
/ = j JAz= I a T - ^ + Mfildz. (33) 
-1/2 -1/2 
Using the above equations, losses due to end effects have been determined for different 
aspect ratios (2 to 5). load factors, different magnetic field decays etc. with and without vanes. 
For a given flow rate of liquid metal and vapour, geometry and magnetic field, calculations 
are performed starting from the mixer, riser, separator, downcomer, transitional piece-1. MHD 
generator, transitional piece-2. and remaining pipe between transitional piece-2 and mixer. 
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4. Design of LMMHD PC system for solar and waste heat 
Water/steam has been chosen as the thermodynamic fluid. Lead and lead-bismuth alloy are 
most suitable as electrodynamic fluids. Since lead is cheaper by around ten times than bismuth, 
from the economic point of view, pure lead is preferable. Since lead has the melting point of 
32TC, the operating loop temperature should be above this temperature. On the other hand, 
lead-bismuth alloy has as low as 120°C melting temperature, depending upon the percentage 
of bismuth in the lead. Both these combinations have been chosen for design. 
In principle, it is possible to design a suitable single loop LMMHD PC. This is 
conceptionally simpler. However, there are many disadvantages, namely, larger loop height (for 
a 30 bar mixer pressure, the riser height is around 60 m), smaller voltage for a given power, 
less efficiency due to the single diameter of the riser pipe for the entire pressure drop. Besides, 
the system cannot be operated for a wide range of thermal power conditions. 
In general, depending upon the highest operating pressure and total heat available, the 
number of LMMHD power modules connected in series and/or parallel is determined. Taking 
these into consideration, a two-loop system operating in series for a 2.5 MW thermal power is 
designed, and the details are presented here. Loop-1 with mixer operating at 31 bar and 350X 
with lead and loop-2 operating at 15.5 bar and 215 OC with lead-bismuth has been taken for 
detailed design, with the water/steam collecting all the heat flux required (the temperature and 
pressure are based on the solar tower and incinerator system parameters). The steam flow rate 
is decided by the highest steam temperature and overall heat availability. Based on these 
criteria, 0.9 kg/s flow rate is frozen for detailed optimization. Also, in order to reduce the 
electrical power requirements as well as the effect of the interaction parameter on the fluid, the 
Table I 
Electncal power losses due to end effects for different k and aspect ratio (As = hjl) without and with insulation 
vanes 
% of end losses with respect to load current 
Without vane With vane"" 
for As = 2 0 and U = h 
0 795 0 0 0 0 
0 850 110 18 
0 875 19 0 9 0 
0 900 45 5 25 0 
0 925 114 0 50 0 
for -li = 4 5 and Le = h 
0815 00 00 
0 850 2 4 15 
0 875 5 0 2 5 
0 900 6 25 1 75 
0 925 18 2 9 1 
0 950 33 0 16 7 
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Table 2 
Major parameters of the system operating at 84 kA 
Particulars 
Riser diameter (m) 
Riser length (m) 
Downcomer diameter (m) 
Mixer: 
—Pressure (bar) 
—No. of holes (1.5 mm dia.) 
—Temperature ( C) 
Separator pressure (bar) 
Highest pressure in the loop (bar) 
Void fraction in the riser: 
—Entrance 
—Exit 
MHD diffuser length (m) 
MHD generator: 
—Length (m) 
—Width (m) 
—Electrode length (m) 
—Electrode spacing (m) 
Liquid metal flow rate (kg/s) 
Steam flow rate (kg/s) 
Velocity in the MHD generator (m/s) 
APMHD (bar) 
APfric (total) (bar) 
Load factor 
Internal resistance (ijil) 
Voltage (V) 
Current (kA) 
Magnetic field (T) 
Electrical power (kW) 
Combined parameter for both the loops: 
External load (nil) 
Total voltage (V) 
Gross electrical power (net) (kW) 
Q (total) (MW) 
Gross efficiency (net) (%) 
Loop-1 
0.4286 
24 
0.3333 
31 
8000 
350 
16 
39.3 
0.29 
0.49 
1.5 
1.1 
0.1 
0.9 
0.2 
1450 
0.9 
6.9 
8.5 
1.2 
0.86 
2.22 
1.21 
84 
1.0 
102.0 
40 
3.37 
283 (230) 
2.5 
11.2(9.2) 
Loop-2 
0.4286 
26 
0.3033 
15.5 
10000 
215 
2.35 
27.6 
0.31 
0.78 
1.5 
1.1 
0.09 
0.9 
0.2 
2000 
0.9 
10.6 
10.8 
3.0 
0.91 
2.33 
2.15 
84 
1.1 
181.0 
maximum magnetic field intensity is restricted to around 1.0 T [25]. Since the two loops will be 
connected in series electrically, the design is carried out for the same current in both loops. It 
is planned to use the electrical power for hydrogen generation by electrolysis. This requires 
voltages in the range of 2.0 to 3.0 volts. Accordingly, the MHD generator design has been 
developed. As e.xplained earlier, separate analysis has been performed to determine the end 
losses for different aspect ratios, load factors and magnetic field decay by laying the insulating 
vane and by solving equations. Typical values of the end losses for aspect ratio 2 and 4.5 for 
different values of k. without vane and with vanes at the entrance and exit of the generator are 
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shown in Table 1. As can be seen, at large aspect ratio, end losses decrease. Also, for a given 
aspect ratio, end losses increase with k. However, as mentioned earlier, at low k, the efficiency 
of conversion decreases due to the increase in joule heating, and hence, we have to arrive at 
the optimum value. With the presence of vanes, we see that there is a significant decrease in 
end loss current. Based on this analysis, it is decided that the generator will be of aspect ratio 
4.5 and k around 0.9. In addition, two vanes, one at the entrance and one at the exit of length 
5 h situated at a distance 0.1 h from the edge of each side of electrode will be provided. 
Extensive optimization has been performed by varying the following parameters: 
1. Mixer hole size and number of holes 
2. Riser diameter 
3. Downcomer diameter 
4. Liquid metal flow rate 
5. Transitional piece length 
6. MHD generator: 
Electrode length 
Electrode width 
Electrode height 
The mixer distributor is assumed to have 1.5 mm hole diameter (limited by mechanical 
drilling). The number of holes (few thousands) is decided such that the frictional pressure drop 
at the orifice is less than 0.05 bar. The diameters of the bubbles are determined from Eqs. (1)-
(3) depending upon the flow conditions. 
KT 
PUMP LOOP-1 LOOP-2 
Pb Pb-Bi 
1. MIXER 2. RISER 3. SEPARATOR 4. DOWNCOMER 
5. NOZZLE 6. MHD GENERATOR 7. DIFTUSER 
Fig. 3. Schematic of lliquid metal MHD power system for solar and waste heat. 
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For a given flow rate of the steam and lead, a smaller riser diameter increases the frictional 
pressure losses and decreases inventory. However, this increases the void fraction due to the 
increase in the Froude number. The diameter of the downcomer decides the frictional pressure 
drop and inventory. A larger diameter increases the inventory and decreases the frictional 
pressure loss but can increase the pressure losses in the transitional pieces. The electrical power 
generated is proportional to the liquid metal flow rate and MHD pressure head (see Eq. (22)). 
A larger liquid metal flow rate decreases the void fraction and increases the frictional pressure 
drop, leading to a decrease in the MHD pressure head. Transitional pieces connect the circular 
cross-section of the downcomer with the rectangular cross-section of the MHD generator for 
smooth transition of the flow. The length of the transitional piece is optimized for minimum 
pressure losses. The electrode length, width and height of the MHD generator crucially decide 
the voltage, current, end loss, load factor, frictional pressure drop in the channel etc. 
All the above parameters have been varied so that maximum electrical power (MHD 
generator—magnet power) is obtained for a reasonable inventory of liquid metal, keeping the 
required voltage around 3.0 V and magnetic fleld up to 1.0 T. 
Table 2 summarizes the major parameters of the two loop system. The schematic of plant is 
shown in Fig. 3. Superheated steam of 0.9 kg/s enters the loop-1 mixer at 31 bar and 430°C 
(operating at 350°C). The additional enthalpy in the steam provides the required heat energy 
for thermal losses in the loop and electrical power generation. Loop-1 generates 102 kW of 
B-I.0T n^-*.9kg/i 
200-1 
040 
Riser Diameter ( m ) 
Fig. 4. Effect of riser diameter on electrical power (A'EICC) for a two-loop system. 
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electrical power. Steam enters loop-2 at 15.5 bar at 349°C. Loop-2 operates at 215°C. In this loop, 
181 kW of electrical power is generated. Steam at 1.5 bar enters the regenerator and condenser. 
Water at 45 bar and 60°C from the pump enters the regenerator (here 0.3 MW heat is given), 
collects 2.04 MW of heat from the solar receiver and additional heat of 0.46 MW from the 
incinerator heat exchanger and enters the mixer of loop-1. A total of 2.5 MW heat is supplied, 
which generates 283 kW of electrical power after accounting for thermal losses. The net efficiency 
after accounting for magnet power, feed water pump and auxiliary components is 9.2%. The 
efficiency calculations do not include the efficiency from solar radiation to thermal conversion. 
5. Detailed parametric analysis 
In order to study the effect of individual parameters on the electrical power, parametric 
analysis has been performed. This is vital for scale-up studies, off-design performances etc. In 
all these calculations, the mixer and separator pressures are fixed. 
250 
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•|(l«t/i) ^ 
40-
! » • 
t 20H 
J 
'4 
10-
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Fig. 5. Variation of electrical power and A/»mhd *ith liquid metal flow rate. 
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In Fig. 4, the effect of riser diameter on electrical power is shown for both loop-1 and loop-
2. At small diameters, due to the large frictional drop, APmhd is small, leading to very small 
power. On the other hand, at large diameter, where frictional pressure drops are negligible, 
there is a small decrease in the electrical power. This arises because of the increase in slip due 
to the decrease in Froude number. Also, at larger diameter, the inventory of liquid metal 
increases sharply. 
Fig. 5 shows the effect of rfii on electrical power and APmhd- Electrical power is proportional 
to the product of liquid metal flow rate and APmhd- At larger flow rates, APmhd sharply 
200 n 
0 
uz 
L-l 
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10-i 
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K m ) —*• 
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Fig. 6 Variation of various generator parameters with generator electrode length (/)-
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decreases due to both a decrease in void fraction as well as an increase in frictional pressure 
drop. Also, since loop-2 operates at lower pressure, the average a is larger than that of loop-1, 
leading to larger A/'mhd-
The effects of electrode length, electrode spacing and electrode width on power, k, voltage, 
current and APmhd are plotted in Figs.6-8, respectively. 
In Fig. 6, with the increase of electrode length (0, (keeping all other parameters the same), 
power increases mainly due to the increase in k. Electrode length 0.2 m corresponds to aspect 
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ratio ] and that of 1.2 m corresponds to 6. Since smaller aspect ratio also corresponds to 
smaller it, the end losses are negligible. Smaller k leads to lower power, as well as lower voltage 
but higher currents. A/'mhd decreases with / due to the increase in the frictional pressure drop 
in the MHD channel. At high k values {k —»I), there is a drop in power in loop-2 because of 
the steep drop in APmhd-
In Fig. 7, the effect of electrode spacing (h) on various parameters is shown. Smaller h 
increases frictional pressure drop, leading to lower power. As h increases, the velocity of flow 
decreases, leading to smaller voltage and larger current. However, at large /i values, power 
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decreases due to the decrease in k (Eq. (20). On the other hand, the current remains constant, 
since APmhd does not change due to a negligible change in the frictional pressure loss in the 
MHD generator. 
In Fig. 8, the effect of electrode width (w) is shown. All the values correspond to the same 
aspect ratio of 4.5. For smaller w, power is less, essentially due to the large frictional pressure 
drop, leading to smaller APnihd- With the increase of w, power increases initially due to the 
decrease in frictional drop. However, with further increase in w', there is a drop in power due 
to the decrease in k. With the increase of vv, current increases rapidly, initially due to the 
increase in both AP^M ^^^ *v (Eq. (21) and linearly, thereafter, and the voltage decreases, 
essentially due to the decrease in k. 
The variation of k and power for different magnetic fields has been plotted in Fig. 9(a) and 
9(b). No end-loss correction is applied for this data, as they are small. We see that, at lower 
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ihr, high B is required for larger k. At larger mi, k increases rapidly initially and becomes 
insensitive to the increase in B. For a given nii, electrical power increases rapidly initially but 
becomes less sensitive to the increase in B. This is mainly due to the insensitivity of k with 
respect to B at larger values. For a given riii, we see that there is an optimum mi which gives 
maximum electrical power. Further, we see that lines corresponding to different nii cross each 
other. This essentially means that the optimum liquid metal flow rate depends upon the 
magnetic field intensity. 
6. Summary and conclusions 
A unique 283 kW electrical demonstration solar and waste heat coupled two-phase liquid 
metal MHD PC system has been designed. Appropriate two-phase flow equations based on 
two-fluid models m the riser and magnetohydrodynamic equations which take into 
consideration end losses etc. in the MHD generator have been numerically solved. Extensive 
parametric analysis has been performed to arrive at optimum values of various components. 
Steam is chosen as the thermodynamic fluid and lead and lead-bismuth alloy as the 
electrodynamic fluid. Loop-1 operates with lead at 350°C and loop-2 operates with lead-
bismuth (25% of bismuth) at 215°C. Steam at 430°C enters loop-1 after receiving thermal 
energy of 2.5 MW from the regenerator, solar tower and incinerator waste heat. Gross 
electrical power of 283 kW is generated by the system. The net efficiency of conversion from 
thermal to electrical is 9.2%. The low voltage (~3.4 V) and high current (84 kA) generated by 
the steam can be used for hydrogen generation. The code that is presented in this paper can be 
used for designing larger systems. Larger systems operating at higher pressure and powers are 
expected to have higher efficiency. 
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